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SUMMARY 
 
The growing concern for human and animal health and the existence of Community 
directives, which set maximum permitted levels of certain mycotoxins, antibiotics and 
hormones in many food products, require the need for methods of analysis for the strict 
monitoring of the levels of mycotoxins, antibiotics and hormones in raw materials and in 
processed products. A mycotoxin is a toxic secondary metabolite produced by fungi. 
Among the micotoxins, we are interested in patulin that is associated with fruits and 
vegetables, in particular apples and figs. Food is also contaminated by antibiotics 
because of their use in veterinary medicine. The antibiotics widely used are β-lactams, 
which include penicillin G, present in milk. Hormones, in particular estradiol, are often 
used to increase milk production in cows, stimulate the growth of livestock and reduce 
the amount of feed they need to grow.  
The main aim of this work is the development of advanced diagnostic systems for a 
simple determination of mycotoxins, antibiotics and hormones in foods, to ensure the 
safety of use and the quality of raw materials, with particular reference to milk, apple 
juices, processed food and feed products. Optical biosensors, offer several advantages 
compared to conventional analysis such as HPLC and LC-MS. These include a low cost 
per sample, high selectivity, high sensitivity, and high throughput, no extensive 
extraction and sample clean-up, a fast response and the use of non-trained personnel 
for their utilization. 
This objective is pursued through the study and the development of methodologies that 
utilize proteins, enzymes, antibodies and/or aptamers as specific probes for the design 
of advanced optical biosensors (assays such as Surface plasmon resonance (SPR) and 
fluorescence polarization assays). I immobilized patulin, penicillin G and estradiol 
conjugated with a carrier protein, Glutamine binding protein, on the SPR sensing surface 
and I produced the antibodies anti patulin, anti penicillin G and anti estradiol. This has 
been successfully implemented in a new, efficient SPR-based competitive immuno-
assay for the detection of the analyte of interest. Then I have combined an immuno-
chemical approach with SPR spectroscopy to develop an efficient biosensor to detect an 
analyte of interest in foods outside the laboratory.  
Moreover, I present a novel and sensitive polarization-based method for the detection of 
patulin, penicillin G and estradiol directly in apple juice and in milk. The proposed 
method is based on the use of patulin, penicillin G and estradiol conjugate, labeled with 
a NIR probe and the use of properly produced anti-analyte antibodies. The fluorescence 
biosensor works in the near infrared-region of light. In fact, in this spectral region, there 
is almost no unspecific absorption of food matrices making possible both qualitative and 
quantitative assays. 
The obtained results confirm that this methodology can be applied outside the laboratory 
and directly in apple-juice and in milk without interference. In addition, these techniques 
are more sensitive than commonly used techniques. The results of the SPR and 
fluorescence polarization assay show the possibility to detect an amount of patulin, 
penicillin G and estradiol less than the MRL of the EU regulation limit. 
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Riassunto 
 
La crescente preoccupazione per la salute umana e l'esistenza di direttive comunitarie 
che fissano i livelli massimi di micotossine, alcuni antibiotici e ormoni in molti prodotti 
alimentari, richiedono la necessità di metodi di analisi per un controllo rigoroso dei livelli 
di queste sostanze in materie prime e in prodotti derivati. Le micotossine sono metaboliti 
tossici prodotti da diversi tipi di funghi, appartenenti principalmente ai generi Aspergillus, 
Penicillium e Fusarium [1]. In particolari condizioni ambientali, quando la temperatura e 
l’umidità sono favorevoli, questi funghi proliferano e possono produrre micotossine. 
Generalmente queste ultime entrano nella filiera alimentare attraverso colture 
contaminate destinate alla produzione di alimenti e mangimi, principalmente di cereali, 
frutta e verdure [1-3]. Tra le diverse micotossine, abbiamo focalizzato la nostra 
attenzione sulla patulina, micotossina prodotta da diversi tipi di muffe, in particolare, 
Aspergillus e Penicillium. Si ritrova comunemente nelle mele marce e danneggiate; la 
quantità di patulina presente nei prodotti a base di mele è generalmente indice della 
qualità del prodotto utilizzato durante il processo di produzione. Studi hanno dimostrato 
che è genotossica e crea disturbi a livello gastrointestinale e renale e secondo alcune 
teorie, sembra essere un agente cancerogeno [4-9].  
Il cibo può essere contaminato anche da antibiotici a causa del loro uso in medicina 
veterinaria. Gli antibiotici più utilizzati sono i β-lattamici, che includono la penicillina G, 
riscontrabile nel latte [10-11]. I farmaci con attività antimicrobica hanno cominciato ad 
avere un largo impiego in medicina veterinaria immediatamente dopo la loro scoperta: la 
prima applicazione terapeutica nella cura degli animali era nel trattamento della mastite. 
Oltre cinquanta anni dopo, la scoperta della capacità di questi farmaci di aumentare il 
peso degli animali, ne ha causato un aumento dell'uso come additivi per mangimi. 
Infatti, gli allevatori e gli agricoltori nutrono il loro bestiame con una bassa dose 
giornaliera di antibiotici, non per evitare malattie ma per aumentarne il peso [12-14]. 
L’uso massiccio e indiscriminato provoca inevitabilmente la presenza di residui negli 
alimenti, con conseguente preoccupazione per la salute dei consumatori. Le principali 
preoccupazioni sono la possibile sensibilizzazione allergica d’individui esposti, la 
possibilità di selezionare batteri resistenti agli antibiotici e la pressione selettiva che i 
residui di farmaci antimicrobici possono esercitare sulla microflora intestinale umana: si 
teme anche che gli antibiotici negli alimenti possano favorire l'adesione di batteri 
patogeni.  
Gli ormoni, in particolare l’estradiolo, sono spesso utilizzati per aumentare la produzione 
di latte nelle mucche, stimolare la crescita del bestiame e ridurre la quantità di mangime 
di cui hanno bisogno. Gli ormoni permangono come residui nelle carni e nel latte; tali 
residui provocano gravi conseguenze al consumatore e in particolare ai bambini: sono 
stati infatti osservati numerosi casi di alterazioni a carico dell’apparato riproduttore 
maschile e femminile, nonché la genesi di cancro al seno e all’ utero nelle donne. 
Poiché le micotossine, gli antibiotici e gli ormoni causano gravi problemi alla salute 
umana, l'Organizzazione Mondiale della Sanità ha stabilito un limite tollerabile per 
patulina, penicillina G ed estradiolo nei prodotti alimentari. Il contenuto di patulina negli 
alimenti è stato fissato a 50 µg/L in molti paesi. I requisiti regolamentari per i residui di β-
lattamici nel latte sono abbastanza rigorosi: le tolleranze sono state fissate a 12 nM per 
penicillina G e 10 nM per ampicillina.  
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I metodi di rilevazione analitici convenzionali utilizzati per la determinazione di 
micotossine e ormoni comprendono analisi cromatografiche, quali HPLC, GC e 
recentemente, tecniche quali LC/MS e GC/MS [15-19]. Invece, le tecniche per il 
rilevamento di residui di antibiotici consistono nel test microbiologico e nel metodo 
immunologico [14]. L’analisi microbiologica è utilizzata per lo screening di antibiotici 
negli alimenti sia per la sua praticità e per i bassi costi, che per le caratteristiche ad 
ampio spettro. Questo test, però, è necessario che sia effettuato in laboratorio, è quindi 
lento e poco sensibile. Tutti questi metodi presentano una serie di svantaggi: sono 
necessari lunghi protocolli di purificazione del campione prima dell'analisi, è richiesto 
personale qualificato, non è possibile fare indagini sul campo e inoltre la strumentazione 
è molto costosa. Per tali motivi, negli ultimi tempi è stata posta molta attenzione allo 
sviluppo dei biosensori, strumenti analitici che hanno trovato larga applicazione 
biotecnologica in molteplici campi, quali la diagnostica clinica, l’analisi d’inquinanti 
ambientali e l’industria alimentare. I biosensori possono essere considerati dei 
dispositivi molto innovativi, poiché coniugano alla specificità del riconoscimento 
molecolare un’efficiente trasduzione del segnale e avanzate tecniche di rivelazione; 
inoltre, l’ampio spettro di reazioni impiegate e l’elevata sensibilità e selettività rendono i 
biosensori idonei a molteplici settori di applicabilità. I biosensori sono strumenti che 
incorporano un elemento biologicamente attivo, una proteina, una cellula o un anticorpo, 
accoppiato a idonei trasduttori di segnale per la determinazione selettiva e reversibile 
della concentrazione o dell'attività di specie chimiche in un campione. Essi sono 
classificati sia in base alla natura del mediatore biologico che al tipo di trasduzione 
impiegata. In accordo con il primo criterio, i biosensori possono essere biosensori 
enzimatici, chemorecettoriali o immunosensori; in base al tipo di trasduttore di segnale, 
invece, si distinguono biosensori ottici, elettrochimici, calorimetrici e acustici. Negli ultimi 
tempi sta avendo larga diffusione l’utilizzo di biosensori proteici a fluorescenza; la 
tecnologia per proteine sensibili alla fluorescenza è ormai lo strumento analitico 
dominante per la rilevazione di contaminanti ambientali e alimentari o per lo sviluppo di 
test medici e biotecnologici, in quanto si introducono continuamente nuovi fluorofori e 
proteine ingegnerizzate per rilevare analiti specifici. In questo lavoro proponiamo come 
metodo alternativo alle comuni metodiche per la determinazione di micotossine, 
antibiotici e ormoni, i biosensori ottici. 
I biosensori ottici offrono diversi vantaggi rispetto alle tecniche di analisi convenzionali. 
Questi includono basso costo per il campione, alta selettività, elevata sensibilità, elevata  
produttività, risposta veloce, tempo di dosaggio ridotto da giorni a minuti in alcuni casi, 
impiego di personale non qualificato per il loro utilizzo, analisi sul campo e soprattutto 
non richiedono pre-trattamento del campione. 
 
Scopo del progetto di tesi 
 
Lo scopo di questo progetto è sviluppare sistemi diagnostici avanzati per una semplice e 
rapida determinazione di tossine,antibiotici e ormoni in matrici alimentari per uso umano 
e animale al fine di garantire la sicurezza e la qualità delle materie prime, con particolare 
riferimento ai succhi di frutta, al latte e ai prodotti derivati. Tale obiettivo è stato 
perseguito attraverso lo sviluppo di metodologie che utilizzano proteine, anticorpi e 
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aptameri per la progettazione di biosensori ottici avanzati (saggi di Risonanza 
Plasmonica di Superficie e saggi di fluorescenza con luce polarizzata). 
 
Risultati conseguiti 
 
 Saggi SPR 
 
È stato sviluppato un saggio immunoenzimatico basato sulla risonanza plasmonica di 
superficie (SPR) per la rilevazione di patulina, penicillina G ed estradiolo in matrici 
alimentari. Tale metodologia ottica permette di studiare l’interazione tra biomolecola e 
analita, come variazione dell’onda evanescente di superficie che si genera all’interfaccia 
tra il liquido e la superficie. In questa tecnica, infatti, una delle due molecole è 
immobilizzata su una superficie di chip d’oro funzionalizzato con i carbossi-metil-
destrano e l’altra è in soluzione. La formazione del complesso biomolecola/analita 
modifica le proprietà dell'onda evanescente, variando 
 l'indice di rifrazione del mezzo. La variazione dell'angolo di risonanza è direttamente 
proporzionale alla quantità di ligando legato alla biomolecola [20]. Il test, eseguito con il 
SensiQ Discovery, strumento portatile, si basa sull'uso di un coniugato sintetizzato ad-
hoc (GlnBP-patulina, GlnBP-penicillina G e GlnBP-estradiolo) immobilizzato sulla 
superficie d'oro del chip del SensiQ e di anticorpi specifici generati contro l’analita. Una 
volta immobilizzato il coniugato ad-hoc sulla superficie, sono state eseguite le misure di 
SPR per valutare il legame tra gli anticorpi anti-analita prodotti e l’analita immobilizzato 
sulla superficie. Con questo esperimento sono stati calcolati i parametri cinetici alla base 
del riconoscimento molecolare dell’anticorpo e dell’analita, in particolare le costanti di 
associazione e di dissociazione relative alla formazione del complesso. 
Sono stati usati gli anticorpi anti-analita in un saggio SPR competitivo. Tale saggio è 
stato condotto pre-incubando concentrazioni fisse di anticorpo con quantità crescenti di 
analita. All’aumentare della concentrazione di analita presente in soluzione, si riscontra 
una diminuzione del segnale dovuta alla competizione degli anticorpi tra l’analita 
presente in soluzione e l’analita immobilizzato sul chip. La presenza dell’analita a 
concentrazioni crescenti nei campioni ha permesso di risalire al valore minimo di analita 
misurabile con questa metodologia. Questo valore è molto inferiore rispetto alla quantità 
attualmente misurabile con le tecniche classiche d’indagine. 
 
 Saggi di fluorescenza  
 
Inoltre, è stato sviluppato un saggio di fluorescenza con luce polarizzata per rilevare 
tracce di patulina, penicillina G ed estradiolo direttamente in matrici alimentari come 
succhi di frutta e latte.  
La fluorescenza oggi riveste un ruolo di primo piano nei saggi di binding perché 
permette di effettuare i vari processi con un notevole risparmio di tempo ed è quindi 
adatta agli screening ad alta risoluzione; basti pensare che gli step di separazione e di 
lavaggio svolti con le classiche metodiche di analisi che sono dispendiosi, lenti e causa 
di probabili errori, vengono evitati [21-22].  
Un composto fluorescente legato ad una macromolecola (una proteina ad esempio) 
risulta congelato in una specifica orientazione e permette quindi l’emissione di luce 
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fluorescente.  uesto è il principio base su cui si fondano i saggi di binding con la tecnica 
della fluorescenza polarizzata. La teoria della fluorescenza polarizzata è fondata sulla 
constatazione che le molecole fluorescenti in soluzione, eccitate con una luce piano 
polarizzata, emetteranno luce in un piano fisso se le molecole rimangono ferme durante 
l'eccitazione del fluoroforo. In particolare, abbiamo utilizzato un fluoroforo che emette 
nella regione del vicino infrarosso della luce, per effettuare analisi direttamente nelle 
matrici alimentari. Infatti, in questa regione spettrale, non vi è quasi nessun 
assorbimento da parte delle matrici alimentari, rendendo possibili analisi sia qualitative 
che quantitative. La scelta di utilizzare questa classe di fluoroforo è correlata ai vantaggi 
fondamentali offerti da questo composto: una significativa riduzione del segnale di 
fondo, basso assorbimento nella regione visibile della luce, scarsa dispersione di 
luminosità ed utilizzo di una sorgente di luce poco costosa.  
Il saggio consta nell'impiego di un coniugato sintetizzato ad-hoc (GlnBP-patulina, 
GlnBP-penicillina G e GlnBP-estradiolo) marcato con un probe fluorescente che emette 
nella regione del vicino infrarosso e di anticorpi generati contro l'analita di interesse [23]. 
Il saggio si basa su reazioni immunologiche rilevate mediante polarizzazione della 
fluorescenza. Essa combina i principi delle reazioni a competizione di legame con i 
principi della polarizzazione della fluorescenza, per fornire una misura diretta del legame 
con l’analita d’interesse. Il coniugato sintetizzato ad-hoc, marcato con una sonda 
fluorescente, agisce da tracciante. Quando il tracciante è eccitato con un fascio di luce 
polarizzata linearmente, esso emette fluorescenza con un grado di polarizzazione 
inversamente proporzionale alla sua velocità di rotazione. Appena il tracciante si lega al 
suo anticorpo specifico, l’intensità di fluorescenza aumenta. Aggiungendo l’analita non 
marcato al campione, questo compete con il tracciante per i siti limitati dell’anticorpo e 
l’intensità di fluorescenza diminuisce. Aggiunta di concentrazioni crescenti di analita non 
marcato ai campioni ha permesso di risalire al valore minimo di analita misurabile. La 
tecnica è molto sensibile rispetto alle comuni metodologie fino ad oggi impiegate e il 
limite minimo rilevabile è molto inferiore al limite imposto dalla Comunità Europea sia 
per la patulina che per la penicillina G che per l’estradiolo. 
 
Conclusioni 
 
In sintesi sono stati sviluppati due saggi innovativi per la determinazione di contaminanti 
quali patulina, penicillina G e estradiolo negli alimenti, per garantire qualità e sicurezza 
delle materie prime: 
 
• un approccio immuno-enzimatico combinato con spettroscopia SPR per lo sviluppo di 
un biosensore ottico, che può essere utilizzato sul campo, anche da personale non 
esperto. 
• un immunodosaggio basato sulla fluorescenza con luce polarizzata per la rilevazione 
di patulina, penicillina G e estradiolo direttamente negli alimenti come succhi di mela e 
latte. Questo metodo ha il vantaggio di essere più sensibile rispetto al metodo SPR ma 
non può essere utilizzato direttamente sul campo. 
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Entrambi i metodi consentono la determinazione di quantità di patulina, penicillina G e 
estradiolo molto inferiori rispetto a quelle imposte dalla Comunità Europea. 
 
 
  Limite  
Comunità Europea  
Limite 
Spettroscopia SPR 
Limite 
Fluorescenza 
Polarizzata 
   Patulina           50 ug/L         0.1 ug/L        0.06 ug/L  
   Penicillina G           12 nM         8 pM         0.4 pM  
   Estradiolo          20 pmoli           _         0.5 pmoli 
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1. Food Safety 
 
It is generally accepted that the assurance of food safety is primarily connected with 
the elimination of contamination in the full cycle of food production, starting from the 
growing of cereals, fruits and vegetables through the manufacturing, storage, and 
distribution, until the final preparation of the food in the kitchen [1]. Although the wide 
use of chemicals, such as pesticides or hormones, in agriculture, has provided 
numerous benefits, the residues of these substances represent an additional hazard 
for consumer’s health. Food safety involves the safe handling of food from the time it 
is grown, packaged, distributed, and prepared to prevent food borne illnesses [2].  
Food borne illness, or food poisoning, may be caused by bacteria or fungi that grow 
on food or by viruses that are spread because food is not cleaned, stored, or handled 
properly. These illnesses may cause minor or serious symptoms and even death in 
some people. Contaminated foods also can carry harmful parasites, toxins, 
hormones, antibiotics, chemicals, and physical contaminants [3]. Ensuring the safety 
of food is a shared responsibility among producers, industry, government, and 
consumers. Safe food is food that is free not only from microbiological pathogens 
such as bacteria, parasites, and viruses but also from toxins, pesticides, hormones 
and chemical and physical contaminants that can cause illness [2-3]. 
The main factors that contribute to food borne illness are improper holding 
temperatures, inadequate cooking, contaminated equipment, excessive and 
indiscriminate use of hormones and antibiotics to increase the food making and to 
reduce production costs and poor personal hygiene [4].  
There is an on-going need to protect the health of humans and of susceptible 
animals by limiting their exposure to mycotoxins, antibiotics and hormones. In spite of 
many years of research, and the introduction of good practices in the food 
production, storage and distribution chain, these contaminants continue to be a 
problem [1]. Many countries regulate or suggest permitted levels of mycotoxins, 
antibiotics and hormones in food and feed because of their public health significance 
and commercial impact. Many countries regulate or suggest permitted levels of 
mycotoxins, antibiotics and hormones in food and feed because of their public health 
significance and commercial impact. 
 
2. Mycotoxin 
 
A mycotoxin is a toxic secondary metabolite produced by organisms belonging to the 
fungus kingdom [5-6]. Their contamination is greatly influenced by climatic and 
geographical conditions, cultivation practices, conservation and the type of substrate 
affected, since some products are more susceptible than others to fungal growth. 
Mycotoxins are developed both on the plants before harvesting (contamination from 
the field) and in food crops after the harvest itself, during the processes of 
conservation (in warehouses, silos, etc.) [7]. The most vulnerable foods to direct 
contamination are cereals (maize, wheat, rice, barley, rye, etc.), oilseeds (groundnut, 
sunflower, cottonseed, etc..), dried fruit and dried vegetables, spices, coffee and 
cocoa [8-11]. In addition, mycotoxins can be found as residues or toxic metabolites in 
food derived from animals fed with contaminated feed, creating a kind of important 
indirect contamination for humans because of the high levels of mycotoxins 
potentially present in cereals. The  accumulation of mycotoxins in foods and feeds 
represents a major threat to human and animal health as they are responsible for 
many different toxicities including the induction of cancer, mutagenicity and 
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estrogenic, gastrointestinal, urogenital, vascular, kidney and nervous disorders [5]. 
Some mycotoxins are also immuno-compromising, and can thus reduce resistance to 
infectious disease. Significant economic losses are associated with their impact on 
human health, animal productivity, and both domestic and international trade. 
Mycotoxins have a great resistance to decomposition or being broken down in 
digestion, so they remain in the food chain: fruit, vegetables, meat and dairy products 
[12]. Even temperature treatments, such as cooking and freezing, do not destroy 
mycotoxins [13]. Because of their detrimental action on cellular function, they exert 
some actions: nephrotoxic (ochratoxins), hepatotoxic (aflatoxin), immunotoxic 
(aflatoxins, ochratoxins), mutagenic (aflatoxins, patulin), teratogenic (ochratoxins) 
and carcinogenic (aflatoxins, ochratoxins, fumonisins and patulin) [7]. 
Among micotoxins, patulin is particularly interesting because it is widespread. Patulin 
is a toxin produced by the P. expansum, Aspergillus, Penicillium, and Paecilomyces 
fungal species. P. expansum is especially associated with a range of mouldy fruits 
and vegetables, in particular rotting apples and figs [14-16]. It has been reported that 
patulin damages the immune system [17]. One important aspect of patulin toxicity in 
vivo is injury to the gastrointestinal tract including ulceration and inflammation of the 
stomach and intestine [18]. Recently, patulin has been shown to be genotoxic by 
causing oxidative damage to the DNA, and oxidative DNA base modifications have 
been considered to play a role in mutagenesis and cancer initiation [19,20]. Patulin is 
believed to exert its cytotoxic effects mainly by forming covalent adducts with 
essential cellular thiol groups in proteins and amino acids [21]. From a chemical point 
of view patulin is a water-soluble unsaturated lactone, readily reactive toward thiol 
groups and also amino groups. Glutathione represents one of the most abundant 
cellular nucleophiles, and it has been shown to form covalent adducts with patulin 
spontaneously [22]. The same reactivity is responsible for the ability of patulin to 
induce in-vitro intra and intermolecular protein cross-links involving the cysteine 
residues, the lysine and histidine of side chains and for its capability to inhibit the 
activity of several enzymes [23-24]. Patulin is also reported to be endowed with 
selective DNA damaging activity [25]. 
The widespread presence of fungi in the environment renders mycotoxins practically 
ubiquitous contaminants in food and feeds; therefore, one of the most effective 
measures to protect public health is to establish reasonable regulatory levels of these 
toxins on the basis of valid toxicological data [26]. To ensure the safety and quality of 
foods, a number of regulatory authorities have decreed maximum residue levels of 
several mycotoxins in foods. In 2004, the European Community set limits to the 
concentrations of patulin in food products. They currently stand at 50 μg/kg in all fruit 
juice concentrations, at 25 μg/kg in solid apple products used for direct consumption, 
and at 10 μg/kg for children's apple products, including apple juice [27-28].  In 
agreement with the results of a long-term investigation in rats, the World Health 
Organization (WHO) has set a tolerable weekly intake of 7 ppb for each kilogram of 
body weight.   
Conventional analytical methods to detect the presence of micotoxins, involve 
chromatographic analyses, such as HPLC, GC, and, more recently, techniques such 
as LC/MS and GC/MS [29-31]. HPLC is currently the preferred method since it 
provides greater sensitivity and accuracy and also allows the automation of the 
analysis. Though both HPLC and GC-MS have a high sensitivity and reproducibility, 
they have some drawbacks, such as: 
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 the high quality of solvents (the mobile phase) and the fact that, most of these, 
need to be degassed and filtered before they can be used. In addition there is 
a problem linked to long time analysis; 
 samples have to be subjected to a purification process because the analysis 
must reach the sensitivity shown by the limits of detection;   
 only one sample at a time can be analyzed (you can automate the auto-
sampler by multiple analysis, but the times become longer); 
 investment costs are high and even those incurred routinely for the analysis 
are relevant (these include: depreciation and maintenance tools, charged 
columns and pre-columns, chromatography reagents, standard certificates, 
etc.);  
 it is also essential that the analysis is carried out by skilled and properly 
trained staff to interpret the results.  
 
Moreover, extensive protocols of sample clean-up are required prior to the analysis, 
and expensive analytical instrumentation is necessary to accomplish it [32-34]. 
Furthermore, the problem of the determination of mycotoxins by these methods is 
particularly important due to fact that the high variability of the real limitations makes 
difficult to extend this analysis outside the laboratory.  
3. Antibiotics 
Antibiotics are naturally occurring, semi-synthetic and synthetic compounds with 
antimicrobial activity that can be administered orally, parentally or topically. They are 
used in human and veterinary medicine to treat and prevent disease, and for other 
purposes including growth promotion of animals [35]. All antibiotics can select 
resistant bacterial mutants: they can acquire this capability by transfer from other 
bacteria. These resistant variants, as well as species that are inherently resistant, 
can become dominant and widespread in host-animal populations. If the use of an 
antibiotic is protracted, the resistant population among pathogens and commensal 
bacteria grows. However, there is great diversity in the development of resistance; 
some of this resistant population generates a real resistance but an other part 
remains just susceptible [36]. The campaign against the excessive use of antibiotics 
has been mostly directed to human and animal medicine, but there has been an 
increasing attention to the agricultural use, based on the assumption that their abuse 
might have an important role in the genesis of resistance in bacteria affecting 
humans [37]. Drugs with an antimicrobial activity began to be used in veterinary 
medicine immediately after their discovery: the first therapeutic application in the care 
of animals was in the treatment of mastitis [38]. Over fifty years later, the discovery of 
the ability of these drugs to increase the weight growth of animals, caused an 
increased use of antimicrobials as feed additives. This massive use inevitably causes 
residues in food. The presence of antimicrobial drug residues causes concerns for 
consumer health [39]. The main concerns are: the possible allergic sensibilization of 
exposed individuals, the possibility of selecting antibiotic resistant bacteria, and the 
selective pressure that antimicrobial drug residues may exert over human gut micro-
flora: it is feared that antimicrobials in food can deplete the human intestinal exposed 
micro-flora, thus promoting adhesion of pathogenic bacteria [37]. The extent of such 
use in animal feed has even led some to claim that livestock production would not be 
possible, or at least would be uneconomic without the deployment of such additives  
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[40]. It is obvious that the use of antimicrobial drugs on such a large scale has given 
and determined the presence of drug residues in food [39]. There are various 
normally used methods to search for antimicrobial drug residues in food: tests based 
on the inhibition of microbial growth, the microbial test, enzyme-colorimetric tests and 
chromatographic methods [41-44]. These methods usually require very sophisticated 
and expensive tools to measure with precision and accuracy the response to the test. 
Generally, the microbiological test is used for the screening of antibiotics in food for 
its convenience, low cost and the characteristics of a broad spectrum. This test, 
however, is carried out in the laboratory, is slow, and not very sensitive. 
4. Hormones 
Anabolic steroids have been widely used as growth promoting agents in cattle to 
increase the weight of animals and reduce the feed conversion efficiency [45]. The 
administration of naturally and synthetic anabolic growth promoters in food-producing 
animals is now prohibited by the EU [46] because of their potential risk to humans. A 
lot of evidence has documented that exposure to both natural and synthetic 
chemicals at low levels may lead to toxic effects in humans, and this is associated 
with many diseases such as breast and uterine cancer [45]. Some hormonal anabolic 
compounds, such as 17β- estradiol, are still being used illegally in livestock 
production to promote growth rate. This compound is a natural estrogen which can 
be carcinogenic even at low levels, and it is listed within Group A in Annex I of the 
Council Directive 96/22/EC (Group A, substances having an anabolic effect and 
unauthorized substances) [46]. The monitoring of estradiol in milk samples is a 
challenging task due to the low level concentrations that should be detected and 
because of the complexity of the matrix. In general, the determination of estradiol in 
milk has been dominated by immunological [47] and microbiological techniques, 
which are easy to perform, but are not specific enough to ensure accurate 
identification. Chromatographic techniques (LC or GC), using mass spectrometry 
detection [48-50] have been used and can overcome these problems. However, 
previous sample preparation processes are necessary to achieve the optimal 
sensitivity, selectivity and specificity. In recent years, several sample preparation 
procedures for the isolation of the analyte and purification of the sample have been 
developed for the concentration and clean-up of estradiol in milk samples. These 
include liquid-liquid extraction (LLE) [49], solid-liquid extraction (SPE) [50], 
molecularly imprinted solid phase extraction (MISPE) [51],and multi step solid phase 
extraction (MSPEE) [51], which can be time-consuming and tedious to perform.  
5. State of art 
 
The growing concern for human and animal health and the existence of Community 
directives, which set maximum permitted levels of certain mycotoxins, antibiotics and 
hormones in many food products, require the need for methods of analysis for the 
strict monitoring of the levels of these substances in raw materials and processed 
products. As an alternative method, for instance, optical biosensors, offer several 
advantages compared to conventional analysis [52]. A biosensor is an analytical 
device, used for the detection of an analyte, that consists:  
 the sensitive biological element (e.g. tissue, microorganisms, organelles, cell 
receptors, enzymes, antibodies, nucleic acids, etc.), a biologically derived 
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material or biomimetic component that interacts (binds or recognizes) the 
analyte under study.  
 the transducer or the detector element (works in a physicochemical way; 
optical, piezoelectric, electrochemical, etc.) that transforms the signal resulting 
from the interaction of the analyte with the biological element into another 
signal (i.e., transduces) that can be more easily measured and quantified. 
Biosensors can be grouped according to their biological element or their transduction 
element. Biological elements include enzymes, antibodies, micro-organisms, 
biological tissue, and organelles. Antibody-based biosensors are also called 
immunosensors. When the binding between the sensing element and the analyte is a 
detected event, the instrument is described as an affinity sensor. When the 
interaction between the biological element and the analyte is accompanied or 
followed by a chemical change in which the concentration of one of the substrates or 
products is measured, the instrument is described as a metabolism sensor. Finally, 
when the signal is produced after binding the analyte, without chemically changing, 
but by converting an auxiliary substrate, the biosensor is called a catalytic sensor. 
The method of transduction depends on the type of physicochemical change 
resulting from the sensing event. Optical biosensors that exploit light absorption, 
fluorescence, luminescence, reflectance, Raman scattering and refractive index are 
powerful alternatives to conventional analytical techniques [53]. A schematic 
representation of an optical biosensor is shown in figure 1. 
 
 
 
 
Figure 1.  A schematic representation of an optical biosensor. 
 
 
The advantages of using advanced optical biosensors for sensing analytes are the 
fast response, the efficiency and the use of non-trained personnel for their utilization, 
low cost for sample, high selectivity, high sensitivity, and high throughput. Extensive 
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extraction and sample clean-up are not needed. Such methods have been shown to 
have a potential for the routine analysis of many mycotoxins. 
 
6. Aim of the thesis 
 
The aim of this project is the development of an advanced diagnostic optical platform 
for simple determinations of micotoxins, antibiotics and hormones in food. This will 
help to ensure a high quality of raw materials, with particular reference to milk, apple 
juice and processed products; more in general it will contribute to food safety. This 
objective is pursued through the study and development of methodologies that utilize 
proteins, enzymes, antibodies and/or aptamers as specific probes for the design of 
advanced optical biosensors (assays such as Surface plasmon resonance (SPR), 
fluorescence polarization assays).  
 
 
7. Surface Plasmon Resonance 
 
Surface plasmon resonance (SPR) has become an important optical biosensing 
technology in the areas of biochemistry, biology, and medical sciences because of its 
real-time, label-free, and non invasive nature [54-55]. The surface plasmon 
resonance (SPR) technique is a well-established method for the quantification of 
binding constants between surface-immobilized molecules and molecules in solution. 
Surface plasmon resonance (SPR) spectroscopy is a powerful, label-free technique 
to monitor non covalent molecular interactions in real time and in a non invasive 
fashion. As a label-free assay, SPR does not require tags, dyes, or specialized 
reagents (e.g., enzymes–substrate complexes) to elicit a visible or a fluorescence 
signal.  
Surface Plasmon resonance is an evanescent-wave phenomenon, in simplest terms, 
it is a technique used to detect changes in refractive index at the surface of a sensor. 
The sensor is comprised of a glass substrate and thin gold coating. Light passes 
through the substrate and is reflected off of the gold coating (Figure 2). At certain 
angles of incidence, a portion of the light energy couples through the gold coating 
and creates a surface plasmon wave at the sample and gold surface interface. The 
angle of incident light required to sustain the surface plasmon wave is very sensitive 
to changes in refractive index at the surface (due to mass change), and it is these 
changes that are used to monitor the association and dissociation of biomolecules. 
This change in the resonance angle can be followed in real time, thus providing 
kinetic information on film formation. 
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Figure 2. Surface Plasmon Resonance. 
 
The fully integrated SPR sensor used by SensiQ Technologies is a highly sensitive, 
static, and stable optical design. Light emitted by an LED passes through a polarizer 
and reflects off of the gold sensing surface. A detector array then measures the 
reflected light and calculates the angle at which light has coupled through the gold 
surface as an attenuation or dip in the signal.  
As mass accumulates at the sensor surface during a binding interaction, the 
refractive index increases and an increase in signal is observed. After the sample is 
replaced by buffer, mass will decrease at the surface during the dissociation phase 
and with a subsequent decrease in the resonance unit response (Figure 3). 
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Figure 3. Typical shape of an SPR-sensorgram. It can be divided into four phases: 
association phase, steady state or equilibrium phase, dissociation phase, and 
regeneration phase. 
 
 
8. Fluorescence Polarization Assay 
 
The theory of Fluorescence Polarization, first described in 1926 by Perrin, is based 
on the observation that fluorescent molecules in solution, excited with plane-
polarized light, will emit light back into a fixed plane if the molecules remain 
stationary during the excitation of the fluorophore [56]. Molecules, however, rotate 
and tumble, and the planes into which light is emitted can be very different from the 
plane used for initial excitation. Fluorescence Polarization assays are homogeneous, 
single-step assays ideally suited for high-throughput screening of large numbers of 
samples. All Fluorescence Polarization assays employ a large molecular species, or 
binding partner, in conjunction with a low molecular weight analyte or molecule 
labeled with a fluorophore. When the large binding partner molecule is an antibody, 
the assay is referred to as a fluorescence polarization immunoassay. Fluorescence is 
by definition the ability of a molecule to absorb the energy of an incoming (excitation) 
photon and then re-emit most of this energy as a new, slightly less energetic 
(emission) photon. A small fluorescent molecule will rotate appreciably during the 
very small interval of time between absorption of a photon and emission of the 
fluorescence photon. If the excitation light is polarized, this rotation will result in 
complete randomization of the plane of the emitted light. Thus, small fluorescent 
molecules depolarize an excitation pulse of polarized light. Large fluorescent 
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molecules (MW > 100,000) do not rotate appreciably in the same small interval of 
time. They will therefore emit light that retains some of the polarization of the 
polarized excitation light. When a small fluorescent molecule becomes tightly bound 
to a large one, as in the binding of labeled molecule to an antibody, the rotational 
speed of the small molecule is abruptly reduced to that of the entire complex as a 
whole. Therefore, labeled molecule bound to its antibody represents a large 
fluorescent molecule, which exhibits a high degree of fluorescence polarization. 
Fluorescence polarization immunoassays are based on the competition of labeled 
analyte with free (i.e. unlabeled) analyte in the samples or standards for the high 
affinity binding site an antibody. The labeled analyte-antibody complex gives a high 
fluorescence polarization before the addition of a increasing amounts of unlabeled 
analyte, after the addition there will be a competition between the unlabeled and 
labeled analyte for the antibody. As the competition happens, some of the labeled 
analyte will be released from the antibody, and will resume its intrinsic, rapid rate of 
rotation. This will cause a detectable loss of fluorescence polarization (Figure 4).  
 
 
 
Figure 4.  Schematic representation of fluorescence polarization immune-assay. 
 
FP experiments are done in solution without solid supports, allowing true equilibrium 
analysis down to the low picomolar range. FP measurements do not adulterate 
samples, so they can be treated and reanalyzed in order to ascertain the effect on 
binding by changes such as pH, temperature, and salt concentration. Additionally, FP 
experiments are taken in "real-time" and experiments are not limited to equilibrium 
binding studies. Fluorescence Polarization offers numerous advantages over more 
conventional methods to study the binding between analytes (particularly in that no 
hazardous radioactive waste is generated) and has a lower limit of detection in the 
19 
 
pico-nanomolar range [57]. Fluorescence polarization technology provides very rapid 
answers with minimal effort. The homogeneous assay technology does not require 
any washing steps, which not only speeds up the assay process, but also eliminates 
the need for additional instrumentation. The assays are easy to run, require few 
reagent additions, and yet provide accurate quantitative results with a sensitivity and 
specificity equivalent to or greater than other existing methods. 
In particular, we used a fluorophore that emits in the near infrared-region of light to 
make analyses directly in food matrices (Figure 4). In fact, in this spectral region, 
there is almost no unspecific absorption of food matrices making possible both 
qualitative and quantitative assays [58].  
 
 
 
 
Figure 4. Light spectrum.  
 
The choice to use this class of dye is related to the fundamental advantages offered 
from this compound such a significant reduction of the background signal, low 
absorption in the visible region of the light, low light scattering and the requirement of 
an inexpensive illumination light source. In particular, in some instances, auto-
fluorescence may limit the detection of weak signals with fluorophores that emit in the 
visible region. Since most biomolecules have very low absorption in the NIR region, 
the fluorescence probes (e.g. the infrared emitting DayLight IF800) provide a level of 
performance not achievable with the use of visible emitting fluorescence dyes. Bright, 
clear images with extremely clean backgrounds and excellent sensitivity are provided 
with this approach. In addition, the use of NIR dyes is currently part of the emerging 
technologies related to numerous different relevant biological uses. In fact, in the 
recent years, NIR fluorescence dyes have found several applications in biomedical 
and material applications [58]. The minimal interference in absorption and 
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fluorescence emission from biological samples due to their low absorption coefficient 
in the NIR region, allow for the use this class of fluorescence dyes for monitoring in 
vitro and in vivo the levels of many biologically relevant molecules [58]. We used the 
NIR dyes properties to detect traces of patulin in apple juice samples and traces of  
penicillin G and estradiol in milk.  
Traditionally spectroscopic instruments such as a fluorometer (see Fig.5 ) are used 
for fluorescence polarization studies. In these instruments the sample is placed in a 
cuvette. As shown in this figure, the excitation and emission wavelengths of light are 
selected using monochromators. The signal intensity from the fluorophores is 
recorded on a non pixelated detector such as a PMT. This allows for the 
measurement of bulk properties of a population of fluorophores. Fluorescence 
polarization (FP) measurements are made through two different polarizing filters that 
are parallel and perpendicular to the plane of the polarized excitation source. 
Polarization values for any fluorophore complex are inversely related to the speed of 
molecular rotation of that complex. Because the speed of rotation is also inversely 
related to the size of the molecule, polarization values will be high with large 
molecule complexes, and low with small molecules. The fluorescence intensity of the 
emitted light is monitored through both parallel and perpendicular filters. The degree 
of transfer of emission intensity from parallel to perpendicular is proportional to the 
rotational speed of the fluorescent molecule. If a molecule is very large, there is very 
little movement during excitation and thus little transfer from the parallel signal to the 
perpendicular signal. However, if the fluorescent molecule is small, rotational speed 
is faster, resulting in a greater degree of transfer from the parallel to perpendicular 
signal 
 
 
 
 
Figure 5. Spectrofluorometer for polarization measurement. One of the polarizers 
(typically the polarizer in the emission light path) is rotated along parallel or 
orthogonal directions to obtain I||  and I⊥measurements.  
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Fluorescence polarization measurements have long been a valuable biophysical 
research tool for investigating processes such as membrane lipid mobility, myosin 
reorientation and protein–protein interactions at the molecular level. Immunoassays 
that have been developed and used extensively for clinical diagnostics represent the 
largest group of bioanalytical applications. Other biological applications include the 
study of association of proteins with larger molecules. 
 
 
9. Work Description 
 
Work description has been organized in the following sections: 
 
SECTION I-PATULIN 
 
 Synthesis of Patulin Derivatives 
 Conjugating of patulin to protein carrier BSA to immunize the rabbits to obtain 
antibodies against patulin 
 Antibody production and polyclonal monospecific antipatulin antibodies 
purification 
 Development of an innovative method of immunoassay outside the laboratory 
based on surface plasmon resonance (SPR) for the detection of patulin in 
foods  using SensIQ Discovery of ICX. 
 Synthesis of labeled GlnBP-Pat with probe Dylight IF 800 (GlnBP-Pat-IF800) 
to develop the fluorescence polarization immunoassay in PBS buffer 
 The fluorescence polarization assay was performed directly in fruit juice.  
 
SECTION II- PENICILLIN G 
 
 Conjugating of penicillin G to protein carrier BSA to immunize the rabbits to 
obtain antibodies against penicillin G 
 Antibody production and polyclonal monospecific antipenicillin G antibodies 
purification 
 Development of an innovative method of immunoassay outside the laboratory 
based on surface plasmon resonance (SPR) for the detection of penicillin G 
 Synthesis of labeled GlnBP-PenG with probe CF 647 (GlnBP-PenG-CF647) to 
develop the fluorescence polarization immunoassay in PBS buffer 
 The fluorescence polarization assay was performed directly in milk. 
 
SECTION III – ESTRADIOL 
 
 Synthesis of Estradiol Succinate 
 Conjugating estradiol to protein carrier BSA to immunize the rabbits to obtain 
the antibodies against estradiol 
 Antibody production and polyclonal monospecific antiestradiol antibodies 
purification 
 Development of an innovative method of immunoassay outside the laboratory 
based on surface plasmon resonance (SPR) for the detection of estradiol 
 Synthesis of labeled GlnBP-ES with probe CF 647 (GlnBP-ES-CF647) to 
develop the fluorescence polarization immunoassay in PBS buffer 
 The fluorescence polarization assay was performed directly in milk. 
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Abstract  
 
Patulin is a toxic secondary metabolite (mycotoxin) of a number of fungal species 
belonging to the genera Penicillum, Aspergillus and Byssochlamys that may grow on 
a variety of foods including fruit (apples), grains and cheese. The amount of patulin in 
apple derivative products is viewed as a measure of the quality product related to the 
apples used in its production. Actually different analytical methods used to quantify 
the patulin are based on HPLC, mass spectrometry and electrophoresis techniques. 
These methodologies are time-consuming and require trained personnel. In addition, 
it is not easy to envisage the development of a portable device based on these 
methods for in-situ analyses. We present a novel and sensitive polarization-based 
method for the detection of patulin directly in apple juice. The proposed method is 
based on the use of a NIR probe labeled patulin conjugate with properly produced 
antibodies anti-patulin. The obtained results point out that our methodology can be 
applied directly apple-juice solution without interferences. The results show the 
possibility to detect an amount of patulin less than 0,06 µg/L. This value is much 
below to the MRL of EU regulation limit, that it has been fixed at 50 µg/L. 
 
KeyWords: Fluorescence; Biosensors; Antibody; Patulin; Apple Juice 
 
Introduction 
 
Patulin (PAT) is a toxic fungal secondary metabolite (mycotoxin) produced by 
different genera of fungi such as Aspergillus, Penicillium and Byssochlamys that may 
grow on a variety of foods including fruit (apples), grains and cheese. The amount of 
PAT in apple derivative products is viewed as a measure of the quality product 
related to the apples used in its production. In fact several studies have 
demonstrated that PAT has been found to occur in a number of foods including apple 
juice, apples and pears with brown rot [1], flour [2] and malt feed. 
A number of studies have shown that the PAT has several effects on human health, 
in fact it is a potent genotoxic com-pound and different countries have instituted PAT 
restrictions in products intended for human consumption. The World Health 
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Organization recommends a maximum concentration of 50 µg/L in apple juice. In the 
other hand European Union, has set the limit to 50 µg/kg in both apple juice and 
cider, and to half of that concentration, 25 µg/kg in solid apple A special restriction is 
set in products for infants and young children, 10 µg/kg [3].  
Even though a lot of research and development work have been done on food safety 
and quality, more needs to be done to find economic and accurate ways of 
monitoring food safety. The traditional methods in this field are sensory evaluation, 
chemical analysis, and microbiological analysis. In particular, different analytical 
chemical methods are used to detect patulin in apple-juice concentrate, including thin 
layer chromatography (TLC) [1,4] mass spectrometry [5], colorimetry [6], micellar 
electro-kinetic chromatography (MEKC) [7], gas chromatography mass spectrometry 
(GC–MS) [8, 9], liquid chromatography mass spectrometry (LC–MS) [10-13] and 
high-performance liquid chromatography with ultraviolet detection (HPLC-UV) [14-
17]. 
Generally, the chemical analysis is an objective technique, which often provides 
reliable results if the monitored batch is represented well by the samples measured. 
Despite these features, it has some limitations: the processes may not work correctly 
due to some substances, the need of accurate and correct calibrations, and the need 
of complex multi phased processing. It might not be suitable if the distribution of the 
substance con-tent is non-uniform. 
To overcome the disadvantages and limitations of the previous methods, new 
economic, fast, and environment friendly techniques are sought after. As a result, 
optical spectral measurements and imaging have recently become more and more 
popular in food measurements because they lend themselves to easily monitor all 
samples components. The optical methods can be used for non-destructive, fast, 
real-time monitoring of food matrices [18]. Just in this field, our research group has 
contributed to increase the scientific relevance of these approaches, developing both 
a competitive fluorescence immune-assay and a surface plasmon resonance (SPR) 
assay for the detection of patulin. These two assays were based on the use of 
specific antibody anti-patulin as well as a novel chemically synthetized patulin 
derivative compound [19, 20].  
Here, we describe a new method for the detection of PAT by using a fluorescence 
polarization approach. The fluorescence assay is based on the use of an ad hoc 
synthesized fluorescence Patulin-GlnBP (Pat-GlnBP) conjugate, labeled with a NIR–
infrared fluorescent probe and specific antibodies generated against the analyte. A 
competitive immune-assay based on the use of mono-specific antibodies anti-PAT 
has been performed in order to directly detect PAT in raw sample of apple juice. In 
particular, we labeled the PAT-GlnBP conjugate with a fluorophore molecule 
(DayLigth IF800) that has absorption and emission spectra in the NIR region (from 
650 nm to 900 nm) of the spectrum light. The choice to use this class of dye is 
related to the fundamental advantages offered from this compound such a significant 
reduction of the background signal, low absorption in the visible region of the light, 
low light scattering and the requirement of an inexpensive illumination light source. In 
particular, in some instances, auto-fluorescence may limit the detection of weak 
signals with fluorophores that emit in the visible region. Since most biomolecules 
have very low absorption in the NIR region, the fluorescence probes (e.g. the infrared 
emitting DayLight IF800) provide a level of performance not achievable with the use 
of visible emitting fluorescence dyes. Bright, clear images with extremely clean 
backgrounds and excellent sensitivity are provided with this approach. In addition, 
the use of NIR dyes is currently part of the emerging technologies related to 
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numerous different relevant biological uses. In fact, in the recent years, NIR 
fluorescence dyes have found several applications in biomedical and material 
applications [21]. The minimal interference in absorption and fluorescence emission 
from biological samples due to their low absorption coefficient in the NIR region, 
allow for the use this class of fluorescence dyes for monitoring in vitro and in vivo the 
levels of many biologically relevant molecules [21-23]. We used the NIR dyes 
properties to detect traces of PAT in apple juice samples. The obtained results are 
presented and discussed. 
 
Materials and Methods 
2.1. Reagents 
All reagents were of the highest commercially available quali-ty and used as 
received. 1-[3-(Dimethylamino)-propyl]-3-ethyl-carbodiimide (EDC), bovine serum 
albumin (BSA),carboxymethoxylaminehemihydrochloride. The fluo-rescent probe 
Dylight IF 800 was purchased from Dylight Inc. Goat polyclonal to rabbit IgG-HRP 
conjugate (secondary anti-body) was from Abcam. Affinities resin EAH Sepharose 4B 
was purchased from Amersham Biosciences. Nitrocellulose transfer membrane 
Protran from Schleicher &Schuell and ECL detection reagents from Amersham 
Biosciences were used in dot blot and Western blot experiments. Microplates (96-
well), LockWellMaxiSorp from Nunc, 3,5,-tetramethylbenzidine (TMB) enzyme 
substrate from Sigma, and a microplate reader, Multiskan EX from Thermo, were 
used for ELISA experiments. UV measurements (detection at 278 nm) were carried 
out on a Varian Cary 50 Bio spectrophotometer. Antibodies were produced and 
purchased from COVALAB S.A.S. Villeurbanne, France. 
 
2.2. Synthesis of Pat-Sat-BSA Conjugate 
The patulin derivate (Pat-sat) was synthesized from L-arabinose as described in De 
Champdorè et al [21]. In brief a solution of Pat-Sat (1.5 mg, 0.0054 mmol) in Tris (pH 
8)/dioxane, 1:1 (v/v, 0.4 mL), were added 20 µL (1.0 mg, 0.0054 mmol) of an EDC 
solution in H2O (50 mg/mL) and 0.5 mL of a BSA solution (8 mg/mL) in PBS (0.1 M) 
at pH 7.4. After 2 h at room temperature, the reaction mixture was dialyzed against 
PBS (0.01 M), NaCl (0.01 M), pH 7.4 (0.5 L, for 3 days with daily buffer changes). 
The conjugate concentration determined spectrophotometrically at 278 nm was 4.2 
mg/mL. 
 
2.3.Antibody Production and IgG Purification 
The antibodies used in the work were produced and purchased from COVALAB SAS 
France. (COVALAB Villeurbanne, France). The company used as antigen the 
conjugate reported in Figure 1. From the serum provided from COVALB, 2.0 mL 
sample of rabbit serum was applied to a protein-A column of the PURE1A Protein A 
Anti-body Purification Kit, by Sigma, and the IgG fraction was purified according to 
the manufacturer’s instructions. Elution of proteins was monitored by absorbance at 
λ= 278 nm. The IgG fraction was eluted with glycine (0.1M) at pH 2.8 and 
immediately buffered in Tris 1.0 M at pH 9.0. SDS PAGE was carried out to evaluate 
the purity of the sample. 
 
2.4.Affinity Column Preparation 
The affinity column was obtained by conjugating derivative Pat-Sat to EAH 
Sepharose 4B as follows. A 1.0 mL sample of resin was washed with H2O at pH 4.5 
(20 mL), with NaCl (0.5 M) (20 mL), and again with H2O at pH 4.5 (20 mL) and finally 
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suspended in 2.0 mL of H2O. The Sepharose resin was added to a solution of Pat-
Sat (5 mg in 0.5 mL of H2O at pH 4.5), and the resulting suspension was gently 
shaken. The slurry was cooled to 0°C, and EDC was added in two steps to a final 
concentration of 0.1 M (52 mg). After 12 h at 4°C, the reaction mixture was taken to 
room temperature, and after an additional 4 h the resin was extensively washed with 
H2O at pH 4.5 and then treated with 1.0 mL of AcOH (0.1 M) and 38 mg of EDC for 1 
h at room temperature. The suspension was washed with H2O at pH 4.5 (20 mL), 
acetate buffer (0.1 M) containing NaCl (0.5 M) (20 mL), pH 4.0, and PBS (0.1 M) 
containing NaCl (0.3 M), pH 7.4 (20 mL), and finally packed into a polystyrene 
column (2 mL, BIORAD). 
 
2.5.Antibody Purification by Affinity Chromatography 
For the affinity chromatography purification, a 2.0 mL aliquot of IgG (obtained from 
serum) was applied drop-wise to the affinity column prepared as described above. To 
eliminate un-specific antibodies, the column, before elution, was washed with three 
high-salt buffers: (1) PBS (0.01 M), NaCl (0.1 M), pH 7.0 (20 mL); (2) PBS (0.01 M), 
NaCl (0.5 M), pH 7.0 (20 mL); (3) PBS (0.01 M), NaCl (1.0 M), pH 7.0 (20 mL). At 
that point absorbance at 278 nm had fallen to 0.0. For the elution step glycine (0.1 
M), pH 2.7 (2.5 mL), was applied to the column, and the eluate was collected in 0.5 
mL fractions and monitored by absorbance measurements at 278 nm. The fractions 
containing the antibodies were collected, concentrated by means of a Centricon YM-
3 membrane to a volume of 1.0 mL, and dialyzed against PBS (0.1 M), NaCl (0.1 M), 
pH 7.4. The concentration of the antibodies was spectrophotometrically determined 
by absorbance measurements at 278 nm. 
 
2.6. Synthesis of GlnBP Conjugate (Pat-sat-GlnBP) 
To avoid interference by the carrier protein in the polyclonal antibody detection 
process, Pat-Sat was conjugated to the glutamine-binding protein (GlnBP) from E. 
coli, a bacterial protein different from the protein used to carry out the immunization. 
The following procedure was used: 2.5 mg (0.0092 mmol) of Pat-Sat was dissolved 
in 0.25 mL of MES buffer (0.1 M), pH 5. The solution was incubated at room 
temperature with 0.25 mL of a GlnBP solution (5 mg/mL) in the same buffer and 0.1 
mL of an aqueous solution of EDC (10 mg/mL). After 5 h, the reaction mixture was 
dialyzed against PBS (0.01 M) containing NaCl (0.1 M) at pH 7.4 (0.5 L, 3 days with 
daily buffer changes). 
 
2.7. Western Blot Experiments 
Proteins (BSA, Pat-Sat-GlnBP, and GlnBP, 10 ug each) were loaded, separated by 
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (12% SDS-PAGE), and 
then transferred overnight at 4°C onto a nitrocellulose membrane. Membranes were 
blocked for 1 h at room temperature by rocking in 50 mL of the blocking buffer (PBS 
containing 5% skim milk, 0.2% Tween 20, and 0.05% Tryton). After two washings 
with PBS-TT and one with PBS (10 min per washing), the filters were incubated with 
antibodies anti Pat-Sat (1:500 in the blocking buffer), for 1 h at room temperature. 
After two washings with PBS-TT and one with PBS (10 min per washing), the filters 
were incubated with secondary antibody (goat anti-rabbit HRP conjugate, 1:3000 in 
the blocking buffer) for 1 h at room temperature. The filters were washed three times 
as described above and then developed with the detection reagent ECL. 
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2.8. Antibody Titration 
The antibody titer was determined by an indirect ELISA assay by the following 
general procedure. The antigen (Pat-Sat-GlnBP), in PBS (0.1 M), pH 7.4, was used 
to coat 96-well micro-plates, varying the concentration from 1.1 to 1.7·10-3 µg/mL 
(one column for every antigen concentration, 100 µL per well), overnight at 4°C. 
Control wells were incubated for the same period with BSA in the same buffer. The 
wells were rinsed three times with PBS (0.1 M) containing 0.05% Tween (PBS-T), pH 
7.4, and blocked by incubation for 2 h at room temperature with PBS-T containing 
BSA (1%) (100 µL each well). After three washings with PBS-T, serially diluted 
antibody was added to the wells, incubated at room temperature for 1 h, and then 
rinsed three times with PBS-T. Horseradish peroxidase-conjugated anti-rabbit IgG 
antibodies, diluted 1:4000 in PBS-T containing BSA (1%), were added to the wells 
(100 µL) and incubated for 1 h at room temperature. After three washings with PBS-
T, the enzyme substrate TMB was added (100 µL per well), and the colour reaction 
was quenched after 5 min by addition of 1 M H2SO4 (100 µL per well). The 
absorbance was measured at 450 nm. The antibody titer was graphically determined 
by plotting the reciprocal of the antibody dilution vs absorbance for each dilution of 
anti-bodies. The titer was taken as the maximum antibody dilution able to give a 
reading of 0.1 absorbance unit. The following values were found: 1/25000 for Pat-
Ser. 
 
2.9. Labeling of Pat-Sat-GlnBP 
A solution of Pat-Sat-GlnBP at concentration of 1.0 mg/mL in 1.0 mL was dissolved 
in 0.1 M sodium bicarbonate buffer, pH 7.0 and mixed with IF800. The molar ratio of 
the dye and the protein was kept 10:1. The reaction mixture was incubated for 1 
hours at room temperature and the labelled molecules were separated from un-
reacted probe by gel filtration and extensive dialysis procedure against 50 mM 
phosphate buffer pH 7.4 at 4°C.  
 
2.10 Steady-state fluorescence measurements 
Steady state fluorescence experiments were carried out on an FP-8600 
Fluorescence Spectrometer (Jasco-Japan) equipped with a one-cell temperature 
controlled sample holder. For Pat-Sat-GlnBP-IF 800 (Abs IF 800 = 0.10 OD), the 
excitation wavelength was fixed at 760 nm and emission spectra were recorded 
between 765 nm and 850 nm with an emission slit-width of 2.5 nm. Measurements 
were per-formed in 10 mM phosphate buffer at pH 7.4, at room temperature. Pat-Sat-
GlnBP-IF 800 was incubated with a range of concentration of antibodies against PAT 
from 0.0 to 2,4 nmoli for10 minutes, and fluorescence spectra were carried out. The 
polarization fluorescence measurements were carried out, by inserting a Glan 
polarizer between the excitation source and the sample, with a vertical (0) excitation 
polarized filter and with a vertical (0) emission polarized filter. 
 
2.11 Pat competition assay 
A competition polarization assay was carried out at a fixed concentration of antibody 
against Pat (2.4 nmoli) in the presence of an increasing concentration of un-labeled 
PAT (from 0.0 to 2.4 pmoli). The incubation was done at room temperature for 30 
minutes. After this pre-incubation in the presence of un-labeled PAT, the polarization 
fluorescence measurements were carried out with an excitation polarized filter set at 
vertical (0) and an emission polarized filter set at vertical (0). 
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Results and discussion 
 
Pat is a toxic secondary metabolite of a number of fungal species belonging to the 
genera Penicillum and Aspergillus. It has been mainly isolated from apples and apple 
products contaminated with the common storage-rot fungus of apples, Penicillum 
expansum, but it has also been extracted from rotten fruits, moldy feeds, and stored 
cheese. A rapid and simple method of concentration detection of PAT in apple juice 
is needed. In this work we describe a sensitive polarization-based method for the 
detection of PAT directly in apple juice.  
For this purpose we used a new PAT derivative, whose synthesis is described in 
literature [21] because it is more stable than patulin compound. Since PAT is too 
small molecule to elicit any immunological response and we have covalently attached 
the Pat-Sat derivate to a protein carrier (BSA). In Figure 1 is shown the Pat-Sat 
structure covalently bound to BSA. This conjugate has been used to produce 
polyclonal antibodies anti-PAT in rabbit.  
 
3.1. Production of antibodies against the PAT 
Polyclonal antibodies against PAT were produced using Pat-Sat-BSA conjugate as 
an antigen and from serum provided from Covalab (COVALB-France), the IgG 
fractions were isolated from serums by the protein A column kit. The homogeneity of 
IgG fractions was evaluated by SDS-PAGE and the pure fractions were sequentially 
pooled, concentrated and dialyzed extensively against PBS 20 mM pH 7.4. To 
exclude false reactions due to anti-BSA antibodies present in the rabbit se-rums, the 
Pat-Sat was conjugate with a protein different from BSA. For this purpose, the 
glutamine-binding protein (GlnBP) purified from E. coli was chosen. The Pat-Sat-
GlnBP conjugate was prepared by the same procedures already used for BSA 
conjugate and reported in material and methods section. 
 
3.2. Preparation of affinity columns and purification of specific antibodies and western 
blotting 
The obtained IgG fraction was loaded on affinity column in which the Pat-Sat was 
conjugated to EAH Sepharose-4B resin. After loading with the IgG fraction, the 
column was washed with buffer at neutral pH with high concentration of NaCl, in 
order to remove unspecific antibodies and the mono-specific antibodies were eluted 
using glycine buffer at pH 3.0. The different fractions were collected and an SDS-
PAGE was carried out in order to evaluate the purity of the sample (data are not 
shown). In order to verify the specificity of the produced anti-bodies against the PAT, 
a western blotting experiment was performed. The results show a response to 
antibody binding was observed only for the conjugate Pat-Sat-GlnBP, and a negative 
response was registered for BSA and GlnBP. This confirms the specificity of 
antibodies versus PAT. 
 
3.3. ELISA test 
The titer of purified antibodies was determined by indirect ELISA, by coating on the 
micro-plate wells several different concentrations of antigens Pat-sat-GlnBP and by 
testing serially diluted mono-specific antibodies against Pat-sat-GlnBP. Each 
experiment was performed in triplicate, and the results showed that the titer of 
antibodies, expressed as the reciprocal dilution giving 0.1 optical density (OD) unit at 
450 nm, was 25000 for all the tested antibodies (data not shown). 
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3.4. Fluorescence steady-state measurements of GlnBP-Pat-IF800 conjugate 
In order to perform polarization immunoassay for PAT, we generate a labelled 
GlnBP-Pat-Sat with IF 800 (Pat-Sat-GlnBP-IF800). To ensure that the sample does 
not have any free dye in the solution, which could interfere in the measurements, gel 
filtration and dialysis were performed to remove the unreacted probe before the 
polarization measurements were made. The fluorescence polarization measurements 
were performed directly in apple juice. In particular, a solution of apple juice ten-times 
diluted (1:10) was used for the experiments. The excitation was fixed at 760 nm and 
the spectra were acquired from 765 nm to 850 nm. The figure 2 shows the 
polarization emission spectra of the IF800 dye in buffer solution and in a diluted 
apple-juice sample.  
The results show that the spectra were completely superimposed and the 
fluorescence maximum in both cases was centered at 785 nm. This data indicate the 
possibility to perform in real matrices without any interference the developed assay 
using this NIR dye. The Figure 3 shows the polarized emission spectra of GlnBP-Pat-
Sat-IF800 in the presence of increasing concentrations of PAT-mono-specific 
antibodies. The measurements were performed at RT and the solution of antibodies 
was added in a range of concentration from 0.0 to 2,4 nmoli. The obtained results 
revealed an increase of GlnBP-Pat-Sat-IF800 polarized fluorescence intensity at 785 
nm as consequence of binding (Figure 3 inset). 
 
3.5. Polarization competitive immunoassay 
The FP immunoassay was used to measure the competition between the tracer of 
un-labeled Pat in solution and Pat-Sat-GlnBP-IF800 for binding with mono-specific 
antibodies anti-PAT. Different samples with a fixed concentration of antibody (2,4 
nmoli) were incubated with increasing concentration of Pat in the range of 0.0 to 2,4 
pmoli. Each sample was mixed off-line and allowed to incubate for 30 minutes before 
the fluorescence polarization measurements. The Figure 4 shows the decrease of 
polarized fluorescence emission as a consequence of increase of un-labelled PAT in 
solution. In Figure 5 is shown the dose response for PAT detection in a diluted apple 
juice solution reporting the polarization fluorescence intensity at 785 nm as function 
of PAT concentration. The results show the possibility to detect an amount of PAT 
less than 0,06 ug/L. This value is below to the MRL of EU regulation limit, that it has 
been fixed at 50 ug/L. 
 
Conclusions 
 
In conclusion, the obtained results point out that this method is a promising 
alternative approach compared to the analytical methods actually in use.  
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Legend of figures 
 
Figure 1 Anti-patulin antibodies production. Schematic representation of the BSA 
conjugate used for the production of the rabbit anti-patulin antibodies. 
Figure 2. Polarization emission spectra of IF 800. The spectra of the IF 800 in in 
PBS and in apple juice were recorded at room temperature and the fluorescence 
emission spectra were recorded with an excitation set at 760 nm. 
Figure 3. Fluorescence polarization antibody binding experiment. Polarization 
emission spectra of GlnBP-Pat-Sat-IF 800 in the presence of increasing 
concentration of patulin mono-specific antibodies. 
Figure 4. Competitive immune-assay. Polarization emission spectra of GlnBP-Pat-
Sat-IF 800 competitive immunoassay. The experiment was performed at room 
temperature and the fluorescence emission spectra were recorded with an excitation 
set at 760 nm. 
Figure 5. Dose response curve of patulin detection. Titration of fluorescence 
polarization immune-assay with increasing concentration of un-labeled patulin. 
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Abstract 
Since antibiotics are provided to animals for therapy and prophylaxis, it has become 
increasingly important to monitor antibiotics traces in foodstuffs of animal origin. In 
fact it is well known that these traces give rise to antibiotic-resistant germs that can 
threaten humans. Food safety controls are especially addressed to the daily 
consumption of milk supplies and, in particular, the attention is focused on the 
antibiotic benzylpenicillin (Pen G). In order to cope with this problem here we 
propose an effective alternative, compared to the analytical methods actually 
employed, to quantify the presence of penicillin G using a SPR technique with 
SensiQ discovery portable instrument. The detection limit of these assays was found 
to be 20 pM, a value much lower than the MRL of EU regulation limit. Thus, our 
results clearly show that this system could be successfully suitable for accurate and 
easy-way analysis for PenG outside the laboratory. 
 
Keywords: Surface Plasmon Resonance (SPR); Biosensors; Antibody; Penicillin G; 
Milk 
 
1. Introduction 
Nowadays the mainly compounds used in the treatment of animal diseases, such as 
mastitis are β-lactams, and in particular penicillin G and cephalosporin. Especially 
penicillin is the antimicrobial for which consultation is most frequently sought through 
Food Animal Residues Avoidance Databank (FARAD) and is one of the most 
commonly detected drug residues in tissue and milk. The presence of residues of 
these antibiotics in some milk products is probably due to injudicious use of 
antibiotics in the treatment of infections in animals and lack of adherence to 
withdrawal period before milking (Adetunji & Olaoye, 2012). These compounds are 
also used as food additives and its massive use inevitably causes presence of traces 
in food of animal origin (milk and meat) with several problems for human health. The 
frequent use of antimicrobials over the years has led to a widespread bacterial 
resistance to β-lactams, in particular to benzyl-penicillin (Pen G). Moreover, the 
presence of drug residues causes allergic sensibilization of exposed individuals and 
the selective pressure that antimicrobial drug residues may exert over human gut 
micro-flora: it is fearedthat antimicrobialsin foodcandepletethe human intestinal 
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exposed micro-flora, thus promotingadhesion ofpathogenic bacteria with subsequent 
ineffectiveness of medical treatment where antibiotics are prescribed. In fact public 
health officials are concerned that even small amounts of antibiotics, particularly 
penicillin, ingested by the human through the food chain is potentially dangerous. 
The presence of drug residues in milk and other daily supplies and products is of 
public health implications and are perceived by consumers as undesirable (Mcewen, 
Meek &Black 1991; Bencini & Pulina, 1997). Today, it is the general consensus that 
even slight traces of antibiotics in milk and food for human consumption should not 
be tolerated (Jepsen, 1990). Allergic reactions in highly sensitive consumers and 
potential carcinogenicity, mutagencity, teratogencity and long-term toxic effects of the 
residues of all classes of antibiotics which were presented in a report by Epstein, 
Chong & Le (2000) are of public health concern. 
With the aim to prevent the negative impact of β-lactam, in particular of PenG 
residues present in the milk on customer’s health, many countries have been 
established maximum residue limits (MRLs). The European Union (EU) Regulation 
508/1999 has established the MRLs in milk and in meat for some antibiotics: for 
benzyl-penicillin in milk (penicillin G) is 12 nM.  
At present, three methods for antibiotic residue detection are primarily applied: 
microbiological assay, instrument method, and immunoassay method. 
Microbiological assay is used for screening antibiotics in food because of its 
convenience, low costs, and broad-spectrum characteristics (Haasnoot, Stouten, 
Cazemier, Lommen, Nouws & Keukens, 1999; Haasnoot et al. 2002). But, this assay 
is currently done in a laboratory and is slow, with a low sensitivity (Verheijen, 
Osswald, Dietrich & Haasnoot, 2000). The current instrument methods used to 
analyze streptomycin are gas chromatography, high performance liquid 
chromatography (HPLC), and liquid chromatography with mass spectrometric 
detection (LC-MS) (Abbasi & Hellenas, 1998; Preu & Petz, 1999). These methods 
are sensitive and highly specific, but require expensive instrumentation and highly 
skilled analysts. They are time-consuming and expensive, and are not suitable for 
routine analysis of large-scale samples. Immunoassay has been an alternative to the 
instrument and microbiological methods for accurate measurements of antibiotic 
residues in complex matrices, because it is highly sensitive and specific, can be 
conducted on a large scale, is of low cost, and is rapid and simple to conduct. Unlike 
the instrument methods, immunoassays do not require sample pre-concentration and 
extraction (Abuknesha & Luk, 2005), so they can be used extensively in detecting 
trace amounts of chemicals such as antibiotics (Aga, Goldfish & Kulshrestha, 2003; 
Abuknesha & Luk, 2005; Jin, Gui, Guo, Wang, Wu & Zhu, 2008; Qian et al., 2009). 
But all the cited technologies present limitations that make difficult to extend the 
approach to detect PenG outside the laboratory. A rapid, specific and sensitive assay 
that can be used on field and in all steps of the milk production, such as in the cattle 
shed, during the milk collection and at consumer’s home is needed and will allow 
controlling all phases of the milk production with the consequent reduction of human 
exposition to antibiotics contamination.  
In order to cope with the necessity to enable a fast, easy and specific approach for 
food matrices analysis, biosensors application, on the other hand, offer a valuable 
alternative detection method.  In the last year different biosensors including hybrid 
biosensor (Ferrini, Mannoni, Carpico & Pellegrini, 2008;) electrochemical biosensor 
(Zacco, Adrian, Galve, Marco, Alegret & Pividori, 2007), and surface Plasmon 
resonance imaging/surface Plasmon resonance (SPR) immune-sensor (Raz, 
Bremer, Haasnoot & Norde, 2009; Caldow, Stead, Day, Sharman, Chen & Elliot, 
52 
 
2005; Baxter, Ferguson, Connor & Elliot, 2001) have been developed for detection 
PenG. In particular, SPR biosensors have become a central tool for characterizing 
and quantifying biomolecular interactions and the number of publications reporting 
applications of SPR biosensors for detection of analytes related to medical 
diagnostics, environmental monitoring, and food safety and security has been rapidly 
growing.  In food safety field, the targeted analytes include pathogens, toxins, drug 
residues, vitamins, hormones, antibodies, chemical contaminants, allergens, and 
proteins. The main advantages of SPR-based detection over alternative analytical 
techniques include ease of use, simpler and faster sample preparation and reduced 
assay time from days to minutes in some cases (Homola, 2008). 
Recently our research group contributes to increase the knowledge about this topic 
developing a SPR assay for the detection of two different analytes, the patulin (food 
toxin produced from different spices of fungi) and the ephedrine (drug precursor of 
amphetamine). Both this assays were based on the use of specific antibody 
produced against the selected analytes (Pennacchio et al, 2014; Varriale et al 2012) 
enabling their rapid, sensitive, and specific detection in matrices of interest.  
In this work, we present a novel sensing approach to quantify the presence of 
penicillin G using a SPR technique with SensiQ discovery portable instrument. The 
assay is based on the use of ad hoc synthesized penicillin G-GlnBP (PenG-GlnBP) 
conjugate immobilized on gold surface of SensiQ discovery chip and specific 
antibodies generated against the PenG. A competitive immune-assay based on the 
use of produced polyclonal mono-specific antibodies have been performed in order to 
directly detects penicillin G (in solution). The detection limit of this assay is 20 pM, 
much lower than the related European Union legislation value.  
 
2. Materials and Method 
 
2.1 Reagents 
All reagents were purchased at highest commercially available. 1-[3-
(Dimethylamino)-propyl]-3-ethylcarbodiimide (EDC), bovine serum albumin (BSA; 
fraction V), and ovalbumin (OVA; grade V) were purchased from Sigma.PURE1A 
Protein A Antibody Purification Kit was purchased from Sigma. Goat polyclonal to 
rabbit IgG-HRP conjugate (secondary antibody) was from Abcam. Affinities resin 
EAH Sepharose 4B was purchased from Amersham Biosciences. Nitrocellulose 
transfer membrane Protran from Schleicher &Schuell and ECL detection reagents 
from Amersham Biosciences were used in dot blot and Western blot experiments. 
Microplates (96-well), LockWell MaxiSorp from Nunc, 3,5, -tetramethylbenzidine 
(TMB) enzyme substrate from Sigma, and a microplate reader, Multiskan EX from 
Thermo, were used for ELISA experiments. UV measurements were carried out on a 
Varian Cary 50 Bio spectrophotometer.  
 
2.3 Synthesis of the BSA Penicillin G conjugate 
The penicillin G-BSA conjugate (PenG-BSA) was prepared according to Levine 
(1962) [Levine, B.B. 1962 J. Med. Pharm. Chem.], with slight modifications. Briefly: 
BSA (10 mg) was dissolved in 2 ml of (100 mM) sodium carbonate buffer, pH 10.5. 
Penicillin G (5.5 mg; 100-fold molar excess) was added and the reaction mixture 
incubated for 16 h at 4°C. Finally an extensive dialysis against potassium phosphate 
(20 mM) buffer pH 7.2 (0.5 L, for 3 days with daily buffer changes) and conjugate 
concentration was determined spectrophotometrically at 278 nm. 
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2.4 Antibody production and purification  
Two rabbits were immunized following a standard protocol by intradermal inoculation 
of an antigen (0.5 mg per rabbit). After the immunization period, the rabbits were 
sacrificed and their blood recovered and centrifuged to separate blood cells from 
serum. A 2.0 mL sample of rabbit serum was applied to a Protein A column of the 
PURE 1A Protein A Antibody Purification Kit, Sigma, and the IgG fraction was 
purified according to the manufacturer’s   instructions.   Elution   of   proteins was 
monitored by absorbance at λ= 278 nm. The IgG fraction was eluted with glycine 
(0.1M) at pH 2.8 and immediately buffered in Tris/HCl (1.0 M) at pH 9.0. Finally 
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was 
carried out to evaluate the purity of the sample.  
 
2.5 Affinity column preparation of Penicillin G–EAH Sepharose 4B 
The affinity column was obtained by conjugating PenG to EAH Sepharose 4B as 
follows. A 1.0 mL sample of resin was washed with H2O at pH 4.5 (20 mL), with NaCl 
(0.5 M) (20 mL), and again with H2O at pH 4.5 (20 mL) and finally suspended in 2.0 
mL of H2O. The Sepharose resin was added to a solution of PenG (5 mg in 0.5 mL of 
H2O at pH 4.5), and the resulting suspension was gently shaken. The slurry was 
cooled to 0°C, and EDC were added in two steps to a final concentration of 0.1 M (52 
mg). After 12 h at 4°C, the reaction mixture was taken to room temperature, and after 
an additional 4 h the resin was extensively washed with H2O at pH 4.5 and then 
treated with 1.0 mL of acetic acid (0.1 M) and 38 mg of EDC for 1 h at room 
temperature.  The suspension was washed with H2O at pH 4.5 (20 mL), acetate 
buffer (0.1 M) containing NaCl (0.5 M) (20 mL), pH 4.0, and PBS (0.1 M) containing 
NaCl (0.3 M), pH 7.4 (20 mL), and finally packed into a polystyrene column (2 mL, 
BIORAD). For the affinity chromatography purification, a 2.0 mL aliquot of IgG 
(obtained from serum) was applied drop-wise to the affinity column prepared as 
described above. To eliminate unspecific antibodies, the column, before elution, was 
washed with three high-salt buffers: (1) PBS (0.01 M), NaCl (0.1 M), pH 7.0 (20 mL); 
(2) PBS (0.01 M), NaCl (0.5 M), pH 7.0 (20 mL); (3) PBS (0.01 M), NaCl (1.0 M), pH 
7.0 (20 mL). At that point absorbance at 278 nm had fallen to 0.0. For the elution step 
glycine (0.1 M) pH 2.8 (2.5 mL), was applied to the column, and the eluate was 
collected in 0.5 mL fractions and monitored by absorbance measurements at 278 
nm. The fractions containing the antibodies were collected, concentrated and finally 
dialyzed against PBS (0.1 M), NaCl (0.1 M), pH 7.4. The concentration of the 
antibodies was spectrophotometrically determined by absorbance measurements at 
278 nm. 
 
2.6 Synthesis of GlnBP Conjugates (PenG-GlnBP) 
To avoid interference by the carrier protein in the polyclonal antibody detection 
process, PenG was conjugated to the glutamine-binding protein from Escherichia coli 
(GlnBP), a bacterial protein different from the protein used to carry out the 
immunization (Staiano et al, 2005). The PenG conjugate to GlnBP (PenG-GlnBP) 
was prepared according to Levine (Levine, 1962). 
 
2.7 Antibody Titration  
The antibody titer was determined by an indirect ELISA assay by the following 
general procedure. The antigen (PenG-GlnBP), dissolved in PBS (0.1 M), pH 7.4, 
was used to coat 96-well micro-plates, varying the concentration from 1.1 to 1.7 
ng/mL (one column for every antigen concentration, 100 μL per well), overnight at 
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4°C. Control wells were incubated for the same period with BSA in the same buffer. 
The wells were rinsed three times with PBS (0.1 M) containing 0.05% Tween (PBS-
T), pH 7.4, and blocked by incubation for 2 h at room temperature with PBS-T 
containing BSA (1%) (100 μL each well). After three washings with PBS-T, serially 
diluted antibody, PenG-Ser1 and PenG-Ser2, was added to the wells, incubated at 
room temperature for 1 h, and then rinsed three times with PBS-T. Horseradish 
peroxidase-conjugated anti-rabbit IgG antibodies, diluted 1:4000 in PBS-T containing 
BSA (1%), were added to the wells (100 μL) and incubated for 1 h at room 
temperature. After three washings with PBS-T, the enzyme substrate TMB was 
added (100 μL per well), and the color reaction was quenched after 5 min by addition 
of 1 M H2SO4 (100 μL for well). The absorbance was measured at 450 nm. The 
antibody titer was graphically determined by plotting the reciprocal of the antibody 
dilution against absorbance for each dilution of antibodies. The titer was taken as the 
maximum antibody dilution able to give a reading of 0.1 absorbance unit. The 
following values were found: 1/75000 for PenG-Ser1 and PenG-Ser2. 
 
2.8 Surface Plasmon Resonance (SPR) experiments 
The SPR measurements were carried out on SensiQ discovery instrument using 
CO2H5 sensor chip composed by glass slide coated with a thin layer of gold, on 
which a matrix of carboxy-methylated dextran is covalently attached. HBS-EP buffer 
containing 10 mM HEPES (2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid) 
buffer at pH 7.5, 150 mM NaCl, 0,005 % polyoxyethylenesorbitan (P20) and 3.0 mM 
EDTA (ethylene-diammine-tetracetic acid) was used for all SPR measurements. All 
experiments were carried out at a flow rate of 25 µl/min. The obtained data were de-
convoluted using Qdat software (SensiQ discovery).  
 
2.9 pH Scouting 
Before immobilizing PenG-GlnBP on the CO2H5 chip, the suitable immobilization pH 
was found. In particular, in the case of a protein, the optimal pH of immobilization 
should be in general higher than 3.5 and lower than the isoelectric point has the 
ligand. The procedure used for determines the appropriate immobilization pH is 
defined pH scouting and was performed with SensiQ instrument. In the case of 
PenG-GlnBP, the sample was diluted in 10 mM sodium acetate at pH 3.5, 4.0, 4.5, 
5.0 and 5.5 to a final concentration of 100 ng/ml in each sample. The flow rate was 
25 µl/min and the contact time was 5 minutes. After the last injection, a washing 
solution (1 M ethanolamine pH 8.5) was injected to remove any un-bound molecules. 
From the sensor-gram analysis we found high immobilization level at pH 5.0. 
Therefore, this pH was chosen for the immobilization. 
 
2.10 Surface preparation 
The carboxy-methylated dextran layer in flow cell 2 was activated by injecting a 1:1 
mixture of 0.05 M N-hydroxysuccinamide (NHS) and 0.2 M N-ethyl-N’-
(dimethylaminopropyl) carbodiimide hydrochloride (EDC). The PenG-GlnBP diluted in 
10 mM sodium acetate buffer at pH 5.0 and was immobilized on the flow cell 2 of the 
chip CO2H5. The remaining NHS esters were blocked by the injection of a 1.0 M 
ethanolamine hydrochloride solution (35 μl pH 8.5). The un-reacted carboxy-
methylated dextran layer in flow cell 1 was used as the reference surface. 
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2.11 Binding measurement                                                                                            
The SPR measurements were carried out in the concentration range of 0.0-100 nM 
of antibodies against PenG. The antibody solution was diluted in HBS-EP pH 7.4 
buffer at the definite concentrations. The binding flow was fixed to 25 μL/minute and 
the time of injection was 3 minutes. For the regeneration process was performed 
using phosphoric acid 50 mM pH 3.0. The results obtained were analyzed by Qdat 
software. 
 
2.12 Competition assay 
The competition SPR assay was carried out at fixed concentration of antibody (100 
nM) in the presence of increased concentrations of PenG (0.0 pM to 100 pM). The 
flow was fixed at 25 μL/min and the time of injection was 3 minutes. For the 
regeneration process a solution of phosphoric acid 10 mM at pH 3.0 was used. The 
results obtained were analyzed by Qdat software. 
 
3. Results and Discussion 
 
In this work we describe the implementation of an easy and sensitive SPR-based 
method for the detection of PenG in milk. PenG is the most common compound used 
in the pharmacological treatment of mastitis infection and added to animal food. The 
illegal use and/or abuse of this compound, and in general of β-lactams antibiotics, in 
animal feed imply a contamination of produced milk with direct consequences 
presence in the human food chain.PenG is a low molecular weight compound (Figure 
1A), too small to elicit any immunological response. Then, we covalently attached it 
to an immunological carrier as reported in Levine for producing the antibodies against 
PenG after its injected in rabbits. In Figure 1B is shown the Penicillin G structure 
covalently bound to BSA (PenG-BSA) in its open ring form obtained defined 
penicilloyl.  
 
3.1 Production of antibodies anti penicillin G and dot blot 
Polyclonal antibodies against penicillin G were produced using PenG-BSA conjugate 
as an antigen. Two different rabbits were immunized using a standard protocol of 
immunization and at the end of the immunization period the IgG fraction were 
isolated from serums by the protein A column kit. The homogeneity of IgG fractions 
was evaluated by SDS-PAGE and the pure fractions were sequentially pooled, 
concentrated and dialyzed against PBS 20 mM pH 7.4. To exclude false reactions 
due to anti-BSA antibodies present in the rabbit serums, the penicillin G was 
conjugate to the glutamine-binding protein (GlnBP) purified from E. coli. The GlnBP 
conjugate was prepared by the same procedures already used for BSA conjugate 
and reported in material and methods section. The obtained results show that pre-
immune serum did not show response, while PenG serum of both rabbit gave signals 
with antigen penicillin G-GlnBP and with BSA but not with GlnBP (data not shown).  
 
3.2 Preparation of affinity columns and purification of specific antibodies  
The obtained IgG fraction was loaded on affinity column in which the PenG was 
conjugated to EAH Sepharose-4B resin. After loading with the IgG fraction, the 
column was washed with buffer at neutral pH with high concentration of NaCl, in 
order to remove unspecific antibodies and the mono-specific antibodies were eluted 
using glycine buffer at pH 3.0. The different fractions were collected and a SDS-
PAGE was carried out in order to evaluate the purity of the sample (data does not 
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show). In order to verify the specificity of the produced antibodies against the PenG a 
western blotting experiment was performed (data not shown). Response to antibody 
binding was observed only for the conjugate PenG-GlnBP, and a negative response 
was registered for BSA and GlnBP. This confirms the specificity of antibodies versus 
PenG. 
 
3.3 ELISA Test  
In order to obtain the titer of purified antibodies an indirect ELISA test was performed. 
For this purpose we coated the micro-plate wells with different concentrations of 
antigens PenG-GlnBP and we tested serially diluted mono-specific antibodies against 
PenG produced in rabbits. For no-coating wells, no signal was registered as 
consequence of incubation with different diluted samples of IgG (data does not 
show). The obtained results displayed that the titer of anti-penicillin G antibodies 
seems excellent. In fact, it was possible to perform the ELISA test with IgG dilutions 
up 1 to 100000. Also a consistent response was detected on coated PenG-GlnBP at 
a concentration of 1.1 ng/ml (data not shown).   
 
3.4 SPR binding studies 
The PenG-GlnBP was covalently immobilized on the CO2H5 surface chip by its amino 
reactive groups, using amino coupling kit. From the analysis of the pH scouting 
results (data do not show) we decided to immobilize the PenG-GlnBP on CO2H5 
surface using a buffer 10 mM sodium acetate pH 5.0. To test the sensing system, the 
binding of polyclonal mono-specific antibodies to the PenG-GlnBP functionalized 
CO2H5 chip was monitored as a function of time. The Figure 4 shows the obtained 
sensorgram in which is reported the variation of the Response Unit (RU) in absence 
and in the presence of a wide range of concentration of anti PenG antibodies (0.0-
100 nM). As clearly visible in Figure 4 that the RUmax signal increases with increasing 
concentrations of anti PenG antibodies, as consequence of binding on the surface. 
 
3.5 SPR competitive immunoassay        
Accordingly to binding experiments a competitive immunoassay was performed. In 
figure 3 is shown the principle of competition between penicillin G immobilized on 
chip and PenG free in solution. In order to evaluate the potential of our system as a 
competitive assay for PenG detection, different samples with a fixed concentration of 
antibodies (100 nM) were incubated with increasing concentrations of PenG in the 
range of 0.0-100 pM. Each sample was mixed off line and allowed to incubate for 10 
minutes before the measurements. The bound anti-penicillin G was measured after 
injection and the sensor surface was regenerated with a solution of phosphoric acid 
50 mM pH 3.0 at a 25 µL/min flow rate. The obtained sensor-gram is shown in Figure 
4. The obtained results show a decrease in the signal with increasing 
concentrationsof freePenGpresent in solution. Then theantibodies anti-PenGcompete 
for a binding between PenG presentin solutionand PenG immobilizedon the chip. 
In figure 5 is shown the dose response curve, plotting RUmax values from each SPR 
binding experiment against the PenG concentration. By analyzing the data reported 
in Figure 5, it is possible to conclude that this described method allows for the 
detection of an amount of PenG less then 20 pM.  
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Conclusions 
 
The obtained results point out that this method is a promising alternative approach 
compared to the analytical methods actually in use. Extensive extraction, non-trained 
personnel and sample clean-up are not needed.That is to say that we combined an 
immune-chemical approach with SPR spectroscopy to develop an efficient PenG 
biosensor for the detection of penicillin G outside the laboratory. The detection limit of 
these assays was found to be 20 pM, a value much lower than the MRL of EU 
regulation limit, that is the 12 nM.  
In a feasible and not so far perspective this would certainly be an innovative 
approach providing the dairy industries with an easy-to-use, economical, rapid 
antibiotic test that enable them to meet regulatory requirements and provide 
consumers with safe, quality milk and dairy products. 
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Legend of figures 
 
Figure 1. PenG structure (1A) and schematic representation of the BSA conjugate 
(1B). 
 
Figure 2.  Sensorgram showing the binding of mono-specific antibodies anti-penicillin 
G. All measurements were performed in HBS-EP buffer at 25 °C 
 
Figure 3. Schematic representation of competitive SPR-based immunoassay for 
detection of penicillin G using functionalized chip. 
 
Figure 4. Sensorgram of the competitive immunoassay. All measurements were 
performed in HBS-EP buffer at 25 °C. 
 
Figure 5. Titration of the SPR-based sensing system with penicillin G. RUmax are 
plotted versus the total penicillin G concentration. 
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Abstract  
 
Detection of Penicillin G in milk is of high interest due to the great extent of the use of 
antibiotics in livestock. The current analytical methods used to quantify the penicillin 
G in milk are based on HPLC, mass spectrometry and electrophoresis techniques. 
These methodologies are time-consuming and require trained personnel. In addition, 
it is not easy to envisage the development of a portable device based on these 
methods for in-situ analyses. We present a novel sensing approach to detect the 
presence of penicillin G in milk. The proposed method is based on the use of a red 
emitting penicillin G conjugate with properly produced antibodies anti-penicillin G. 
The obtained results point out that our methodology can be applied directly on milk 
solution without interferences. The limit of detection of the method is about 1.0 nM, a 
value much lower the MRL of EU regulation value, that is 12.0 nM. 
 
Key Words: Fluorescence; Biosensors; Antibody; Penicillin G; Milk 
 
Introduction 
 
All over the world antibiotics have been widely used in animal husbandry for over 50 
years with the principal aim to prevent and/or treat diseases affecting animals. 
Nowadays the compounds mainly used belong to β-lactams family that includes 
penicillin G and cephalosporins, both extensively employed in the treatment of food 
producing animals as food additives. Due to their use in animals for human 
consumption, the high risks of presence of unwanted residues in comestible products 
exist.  
In particular, in the animal destined to milk production, these antibiotics are generally 
used in mastitis therapy, leading to the presence of residues in raw milk and 
therefore in dairy products.  
The illegal use and/or abuse of β-lactams in animal feed lead to their presence in the 
food chain and to health risks for human, such as allergenic and/or toxicological 
responses and moreover it induces a selective pressure for antibiotic-resistant for 
particular strains. Furthermore the presence of antibiotic residues in milk causes a 
technological problem because it can inhibit the growth of starter cultures in 
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fermentative process, for example in cheese and in yogurt production (Grunwald, and 
Petz, 2003). 
In order to prevent the negative impact of β-lactam and in particular of penicillin G 
residues present in the milk on customer’s health many countries have been 
established maximum residue limits (MRLs). The European Union (EU) Regulation 
508/1999 has established the MRLs in milk and in animal tissues fore some 
antibiotics, for benzyl-penicillin in milk (penicillin G) is 4 μg kg−1 or 1.2 10-8 M 
(European Communities, 1990). 
Actually the most commonly used methodologies for the determination of β-lactams 
in milk are Liquid chromatography (LC) (Bailon-Perez, Garcia-Campana, Del Olmo 
and  Iruela Cruces-Blanco,  2009), gas chromatography (GC) (Le, Wan and Lam, 
2002; Galbusera and Chen, 2003), High Performance Liquid Chromatography 
(HPLC) (Dasenbrock and La Course, 1998) and Mass Spectrometry (MS) (Xu et al, 
2010). These methods are time-consuming, required complex sample preparation 
and the use of expensive equipment. Furthermore many microbiological assays 
based on inhibition grow of test microorganisms are widely used (Kavanagh, 1989). 
These tests are specific for the commonly used antibiotics, but require long time of 
incubation. In addition to the immunochemical analytical methods, enzyme-linked 
immune-sorbent assay (ELISA) (Jin, Jang and Lee, 2006; Adrian, Font, Diserens and 
Baeza, 2009; Font, Adrian, Galve, Esterves and Castellari,  2008) for detection of 
penicillin G in milk has been developed. These assays offer several advantages 
compared to conventional analysis, i.e., low cost per sample, high selectivity and 
high sensitivity even if it is time-consuming.  
In this contest a rapid, specific and sensitive assay that can be used in all steps of 
the milk production, such as in the cattle shed, during the milk collection and at 
consumer’s home is needed. This will allow controlling all phases of the milk 
production with the consequent reduction of human exposition to antibiotics 
contamination. 
Recently biosensors including hybrid biosensor (Ferrini, Mannoni, Carpico and 
Pellegrini, 2008), electrochemical biosensor (Zacco et al, 2007) , and surface 
Plasmon resonance imaging/surface Plasmon resonance (SPR) immune-sensor 
(Raz, Bremer, Haasnoot and Norde, 2009; Caldow et al,  2005; Baxter, Ferguson, 
Connor and Elliott, 2001) have been developed. Biosensors represent very 
alternative methods of analysis and they are a potential approach able to solve 
several problems related to food safety. 
In this work we describe a new method for the detection of penicillin G in raw milk 
using a fluorescence polarization technique. The assay is based on the use of an ad 
hoc synthesized fluorescence penicillin G-GlnBP (PenG-GlnBP) conjugate labeled 
with fluorescent probe (Biotium CF647) and of a specific antibodies generated 
against the analyte. A competitive immunoassay based on the use of polyclonal 
mono-specific antibodies have been performed in order to directly detect penicillin G 
in raw sample of milk.  
Recently we have developed, using the same approach a fluorescence polarization 
assay for detection of benzyl methyl ketone, a precursor in amphetamine synthesis 
(Di Giovanni et al, 2012). Importantly the whole apparatus used for our experiments 
could be replaced by a small and cheap optical device which is capable of revealing 
polarization fluorescence changes upon interaction between the penicillin G 
derivative and anti-Penicillin G antibodies. Finally this method could be apply for 
other contaminates of milk by changing fluorescent conjugate molecules and specific 
antibodies. 
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Material and Methods 
 
2.1. Reagents 
All reagents were purchased at highest commercially available. 1-[3-
(Dimethylamino)-propyl]-3-ethylcarbodiimide (EDC), bovine serum albumin (BSA; 
fraction V), and ovalbumin (OVA; grade V) were purchased from Sigma. PURE1A 
Protein A Antibody Purification Kit was purchased from Sigma. Goat polyclonal to 
rabbit IgG-HRP conjugate (secondary antibody) was from Abcam. Affinities resin 
EAH Sepharose 4B was purchased from Amersham Biosciences. Nitrocellulose 
transfer membrane Protran from Schleicher & Schuell and ECL detection reagents 
from Amersham Biosciences were used in dot blot and Western blot experiments. 
Microplates (96-well), LockWell MaxiSorp from Nunc, 3,5,-tetramethylbenzidine 
(TMB) enzyme substrate from Sigma, and a micro-plate reader, Multiskan EX from 
Thermo, were used for ELISA experiments. UV measurements (detection at 278 nm) 
were carried out on a Varian Cary 50 Bio spectrophotometer. The fluorescent probe 
CF647 was purchased from Biotium.  
 
2.2. Synthesis of the BSA Penicillin G conjugate 
The penicillin G BSA conjugate was (PenG-BSA) prepared according to Levine 
(1962) (Levine, 1962) with slight modifications. Briefly: BSA (10 mg) was dissolved in 
2 ml of (100 mM) sodium carbonate buffer, pH 10.5. Penicillin G (5.5 mg; 100-fold 
molar excess) was added and the reaction mixture incubated for 16 h at 4°C. After 
dialysis against (20 mM) potassium phosphate buffer, pH 7.2 (0.5 L, for 3 days with 
daily buffer changes). The conjugate concentration was 4.0 mg/mL. 
 
2.3. Antibody production and purification 
Two rabbits were immunized following a standard protocol by intradermal inoculation 
of an antigen (0.5 mg per rabbit). After the immunization period, the rabbits were 
sacrificed and their blood recovered and centrifuged to separate blood cells from 
serum. A 2.0 mL sample of rabbit serum was applied to a Protein A column of the 
PURE 1A Protein A Antibody Purification Kit, Sigma, and the IgG fraction was 
purified according to the manufacturer’s instructions. Elution of proteins was 
monitored by absorbance at λ= 278 nm. The IgG fraction was eluted with glycine 
(0.1M) at pH 2.8 and immediately buffered in Tris/HCl (1.0 M) at pH 9.0. Finally 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried 
out to evaluate the purity of the sample.  
 
2.4. Affinity column preparation of Penicillin G–EAH Sepharose 4B 
The affinity column was obtained by conjugating Penicillin G to EAH Sepharose 4B 
as follows. A 1.0 mL sample of resin was washed with H2O at pH 4.5 (20 mL), with 
NaCl (0.5 M) (20 mL), and again with H2O at pH 4.5 (20 mL) and finally suspended in 
2.0 mL of H2O. The Sepharose resin was added to a solution of Penicillin G (5 mg in 
0.5 mL of H2O at pH 4.5), and the resulting suspension was gently shaken. The slurry 
was cooled to 0°C, and EDC was added in two steps to a final concentration of 0.1 M 
(52 mg). After 12 h at 4°C, the reaction mixture was taken to room temperature, and 
after an additional 4 h the resin was extensively washed with H2O at pH 4.5 and then 
treated with 1.0 mL of acetic acid  (0.1 M) and 38 mg of EDC for 1 h at room 
temperature. The suspension was washed with H2O at pH 4.5 (20 mL), acetate buffer 
(0.1 M) containing NaCl (0.5 M) (20 mL), pH 4.0, and PBS (0.1 M) containing NaCl 
(0.3 M), pH 7.4 (20 mL), and finally packed into a polystyrene column (2 mL, 
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BIORAD). For the affinity chromatography purification, a 2.0 mL aliquot of IgG 
(obtained from serum) was applied drop-wise to the affinity column prepared as 
described above. To eliminate unspecific antibodies, the column, before elution, was 
washed with three high-salt buffers: (1) PBS (0.01 M), NaCl (0.1 M), pH 7.0 (20 mL); 
(2PBS (0.01 M), NaCl (0.5 M), pH 7.0 (20 mL); (3) PBS (0.01 M), NaCl (1.0 M), pH 
7.0 (20 mL). At that point absorbance at 278 nm had fallen to 0.0. For the elution step 
glycine (0.1 M), pH 2.8 (2.5 mL), was applied to the column and the eluate was 
collected in 0.5 mL fractions and monitored by absorbance measurements at 278 
nm. The fractions containing the antibodies were collected, concentrated by means 
of a Centricon YM-3 membrane to a volume of 1.0 mL, and dialyzed against PBS 
(0.1 M), NaCl (0.1 M), pH 7.4. The concentration of the antibodies was determined by 
absorbance measurements at 278 nm. 
 
2.5. Synthesis of GlnBP Conjugates (PenG-GlnBP) 
To avoid interference by the carrier protein in the polyclonal antibody detection 
process, PenG was conjugated to the glutamine-binding protein from Escherichia coli 
(GlnBP), a bacterial protein different from the protein used to carry out the 
immunization. The following procedure was used: GlnBP (10 mg) was dissolved in 2 
ml of sodium carbonate buffer, (100 mM) pH 10.5. Penicillin G (5.5 mg; 100-fold 
molar excess) was added and the reaction mixture incubated for 16 hours at 4°C. 
After dialysis against potassium phosphate buffer (20 mM), pH 7.2 (0.5 L, for 3 days 
with daily buffer changes). The conjugate concentration, determined at 278 nm, was 
4.0 mg/mL. 
 
2.6. Western Blot Experiments 
Proteins (BSA, PenG-GlnBP, and GlnBP, 10 µg each) were loaded, separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12% SDS-PAGE), and 
then transferred overnight at 4°C onto a nitrocellulose membrane. Membranes were 
blocked for 1 h at room temperature in 50 mL of the blocking buffer (PBS containing 
5% of milk and 0.05% Triton X100). After two washings with PBS-TT and one with 
PBS (10 min per washing), the filters were incubated with purified IgG, at respectively 
(1:500 in the blocking buffer), for 1 h at room temperature. After two washings with 
PBS-TT and one with PBS (10 min per washing), the filters were incubated with 
secondary antibody (goat anti-rabbit HRP conjugate, 1:6000 in the blocking buffer) 
for 1 hours at room temperature. The filters were washed three times as described 
above and then developed with the detection reagent ECL. 
 
2.7. Antibody Titration Experiments 
The antibody titer was determined by an indirect ELISA assay by the following 
general procedure. The antigen (PenG-GlnBP), dissolved in PBS (0.1 M), pH 7.4, 
was used to coat 96-well micro-plates, varying the concentration by a factor 3 from 
1.1 to 1.7 ng/mL (one column for every antigen concentration, 100 µL per well), 
overnight at 4°C. Control wells were incubated for the same period with BSA in the 
same buffer. The wells were rinsed three times with PBS (0.1 M) containing 0.05% 
Tween (PBS-T), pH 7.4, and blocked by incubation for 2 h at room temperature with 
PBS-T containing BSA (1%) (100 µL each well). After three washings with PBS-T, 
serially diluted antibody, PenG-Ser1 and PenG-Ser2, was added to the wells, 
incubated at room temperature for 1 h, and then rinsed three times with PBS-T. 
Horseradish peroxidase-conjugated anti-rabbit IgG antibodies, diluted 1:4000 in PBS-
T containing BSA (1%), were added to the wells (100 µL) and incubated for 1 h at 
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room temperature. After three washings with PBS-T, the enzyme substrate TMB was 
added (100 µL per well), and the color reaction was quenched after 5 min by addition 
of 1 M H2SO4 (100 µL per well). The absorbance was measured at 450 nm. The 
antibody titer was graphically determined by plotting the reciprocal of the antibody 
dilution against absorbance for each dilution of antibodies. The titer was taken as the 
maximum antibody dilution able to give a reading of 0.1 absorbance unit. The 
following values were found: 1/75000 for PenG-Ser1 and PenG-Ser2. 
 
2.8. Fluorescence Labeling of PenG-GlnBP 
A solution of PenG-GlnBP at concentration of 1.0 mg/mL in 1.0 mL was dissolved in 
0.1 M sodium bicarbonate buffer, pH 7.0 and mixed with CF647. The molar ratio of 
the dye and the protein was kept 10:1. The reaction mixture was incubated for 1 
hours at room temperature and the labeled molecules were separated from un-
reacted probe by gel filtration and extensive dialysis procedure against 50 mM 
phosphate buffer pH 7.4 at 4°C.  
 
2.9. Steady-state fluorescence measurements 
Steady state fluorescence experiments were carried out with FP-8600 Fluorescence 
Spectrometer (Jasco-Japan) equipped with a one-cell temperature controlled sample 
holder. The excitation wavelength was fixed at 630 nm and emission spectra were 
recorded between 650 nm and 800 nm with an emission slit-width of 2.5 nm. The 
measurements were performed in milk solution diluted 1.10, at room temperature. 
PenG-GlnBP-CF647 was incubated with a range of concentration of antibodies 
against penicillin G from 0.0 to 2,2 pmol for 10 minutes, and fluorescence spectra 
were carried out. The polarization fluorescence measurements were acquired by 
inserting a Glan polarizer between the excitation source and the sample, with a 
vertical (0°) excitation polarized filter and with a horizontal (90°) emission polarized 
filter. 
 
2.10. Penicillin G competition assay 
A competition polarization assay was carried out at a fixed concentration of antibody 
against PenG (2,2 pmol) in the presence of increased concentrations of un-labeled 
PenG in the range of concentration from 0.0 to 2.4 pM. The incubation was done at 
room temperature for 30 minutes. After this pre-incubation in the presence of 
unlabeled PenG, the polarization fluorescence measurements were carried out with 
FP-8600 Fluorescence Spectrometer with an excitation polarized filter set at 0° and 
an emission polarized filter set at 90°. 
 
3. Results and Discussion   
                                                                                                                  
Penicillin G is the most common compound used in the pharmacological treatment of 
mastitis infectionin food producing animals. Illegal use and/or abuse of Penicillin G, 
and in general of β-lactams in animal feed, imply a contamination of produced milk 
with several consequences for human health. A rapid and simple method of detection 
able to control in all phases of milk production, form the cattle shed to the table of the 
consumers, the concentration of penicillin G in milk is needed. For this purpose we 
have covalently attached the penicillin G to a protein carrier. In  Figure 1 is shown the 
PenG structure covalently bound to BSA in its open ring form (penicilloyl). This 
conjugate was been used to produce polyclonal antibodies anti-PenG in rabbit.  
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3.1. Production of against the penicillin G and dot blot 
Polyclonal antibodies against penicillin G were produced using PenG-BSA conjugate 
as an antigen. Two different rabbits were immunized using a standard protocol of 
immunization and at the end of the immunization period the IgG fraction were 
isolated from serums by the protein A column kit. The homogeneity of IgG fractions 
was evaluated by SDS-PAGE and the pure fractions were sequentially pooled, 
concentrated and dialyzed against PBS 20 mM pH 7.4. These antibodies were used 
in dot blot experiment (PenG-Ser1 and PenG-Ser2 from rabbit 1 and rabbit 2 
respectively). To exclude false reactions due to anti-BSA antibodies present in the 
rabbit serums, the penicillin G was conjugate with a protein different from BSA. For 
this purpose, the glutamine-binding protein (GlnBP) purified from E. coli was chosen 
(Staiano et al, 2005). 
The GlnBP conjugate was prepared by the same procedures already used for BSA 
conjugate and reported in material and methods section. PenG-GlnBP, BSA as the 
positive control, and GlnBP as the negative one were spotted on four nitrocellulose 
membranes, and each membrane was incubated with immune antiserums (PenG-
Ser1 and PenG-Ser2, respectively, from rabbit 1 and rabbit 2 at 1:250 dilution) and 
pre-immune serums from both rabbits (PenG-Ser1 and PenG-Ser2, dilution 1:250). 
The obtained results show that pre-immune serums did not show response, while 
PenG-Ser1 and PenG-Ser2 gave signals with antigen penicillin G-GlnBP and with 
BSA but not with GlnBP (not shown).  
 
3.2. Preparation of affinity columns and purification of specific antibodies and western 
blotting 
The obtained IgG fraction was loaded on affinity column in which the PenG was 
conjugated to EAH Sepharose-4B resin. After loading with the IgG fraction, the 
column was washed with buffer at neutral pH with high concentration of NaCl, in 
order to remove unspecific antibodies and the mono-specific antibodies were eluted 
using glycine buffer at pH 3.0. The different fractions were collected and a SDS-
PAGE was carried out in order to evaluate the purity of the sample (data does not 
show). In order to verify the specificity of the produced antibodies against the 
penicillin G a western blotting experiment was performed. In Figure 2A and 2B are 
showed the SDS-PAGE and western blotting experiment results. Response to 
antibody binding was observed only for the conjugate PenG-GlnBP, and a negative 
response was registered for BSA and GlnBP. This confirms the specificity of 
antibodies versus PenG.  
 
3.3. ELISA Test  
In order to obtain the titer of purified antibodies an indirect ELISA test was performed. 
For this purpose we coated the micro-plate wells with different concentrations of 
antigens PenG-GlnBP and we tested serially diluted mono-specific antibodies against 
PenG produced in rabbits. In Figure 3 are showed the results of the ELISA tests 
reported as bar histogram in witch the absorbance value at 450 nm was plotted 
versus different concentrations of coated PenG-GlnBP. For no-coating wells, no 
signal was registered as consequence of incubation with different diluted samples of 
IgG. The obtained value shows an increase of the absorbance in function of 
decrease of the dilution factor of mono-specific antibodies anti-PenG. The results 
showed that the titer of antibodies anti-penicillin G seems excellent. In fact, it was 
possible to perform the ELISA test with IgG dilutions up 1 to 100000. Also a 
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consistent response was detected on coated PenG-GlnBP at a concentration of 1.1 
ng/ml.  
 
3.4. Fluorescence steady-state measurements of PenG-GlnBP-CF647 conjugate 
In Figure 4 is shown the polarized emission spectra of penG-GlnBP-CF647 in the 
absence and in the presence of increasing concentrations of antibodies anti-PenG. 
Before the polarization measurements were performed, in order to be sure that the 
fluorescence conjugate PenG-GlnBP-CF647 was not contaminated with the 
presence of free dye, gel filtration experiments followed by an extensive dialysis 
process were performed. The fluorescence polarization measurements were 
performed directly in milk. In particular, a solution of milk ten-times diluted was used 
for the experiments. The excitation value was fixed at 630 nm, and the emission 
spectra were acquired from 650 nm to 800 nm. The maximum of fluorescence 
emission was centered at 668 nm. The measurements were performed at room 
temperature, and an antibody solution from 0.0 to 2,2 pmol was added.  The acquired 
results revealed an increase of PenG-GlnBP-CF647polarized fluorescence intensity 
as consequence of binding.  
 
3.5. Fluorescence polarization competitive immunoassay 
The fluorescence polarization (FP) competitive immune-assay was used to measure 
the competition between the tracer of un-labeled PenG in solution and PenG-GlnBP-
CF647 for binding with mono-specific antibodies anti-penicillin G. For this purpose 
different samples at a fixed concentration of antibody (2,2 pmol) were incubated in 
the presence of increasing concentrations of un-labeled penicillin G in the range of 
0.0 to 2.4 pM. Each sample was mixed off-line and incubated for 30 minutes at room 
temperature before fluorescence polarization measurements were performed. In 
Figure 5 are shown the polarized fluorescence emission spectra in the presence of 
increasing concentrations of un-labeled PenG. As consequence of addition of un-
labeled PenG, a reduction (almost 47%) of the maximum of fluorescence emission 
was registered. 
In Figure 6 is shown the dose response for PenG detection in a diluted milk solution 
reporting the polarization fluorescence intensity at 668 nm as function of PenG 
concentration. The results show it is possible to detect an amount of penG less than 
1.0 nM. This value is below to the MRL of EU regulation value, that is 12.0 nM. 
In conclusion, the obtained results point out that this method is a promising 
alternative approach compared to the analytical methods actually in use. Also, we 
can image to implement our methodology in portable and user-friendly device to 
detect PenG during all steps of milk production and collection. 
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Legends to Figures 
 
Figure 1. Schematic representation of the BSA conjugate used for the production of 
the rabbit anti- PenG antibodies. 
 
Figure 2. SDS-PAGE (A) and nitrocellulose filter (B) after incubation with Penicillin G 
antibodies; lane 1, molecular weight standards; lane 2, GlnBP; lane 3, PenG-GlnBP; 
lane 4, bovine serum albumin. 
 
Figure 3. ELISA test of mono-specific anti-Penicillin G IgG purified from the serum of 
two different rabbit. The assay was performed in the Tris–borate buffer in the 
presence of 0.005% Tween and 1% milk. Temperature was set at 25 °C.   
 
Figure 4. Polarization emission spectra of penG-GlnBP-CF647 in the absence and in 
the presence of increasing concentration anti-PenG antibodies. The measurements 
were performed in PBS buffer at 7.4. The temperature was set at 25 °C. 
 
Figure 5. Polarization fluorescence emission spectra of penG-GlnBP-CF647. The 
measurements were performed in PBS buffer at 7.4. The temperature was set at 25 
°C. 
 
Figure 6. Titration of FP immune-assay with increasing concentration of un-labeled 
PenG
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Abstract 
Detection of 17 β-estradiol in milk is very important because farmers use this 
compound to increase the weight growths of animals. The increase of weight in 
animals means more profit for farmers. The massive use inevitably causes residues 
in food destined for the consumers table. Most studies have shown that the presence 
of 17 β-estradiol residues in foods causes allergies and cancer, in particular intestine 
and uterine cancer.  
Therefore the growing concern for human and animal health and the existence of 
Community directives, which set maximum permitted levels of certain hormones in 
many food products, require the need for methods of analysis for the strict monitoring 
of the levels of these contaminates in raw materials. We proposed a novel and fast 
method to detect 17 β-estradiol residues directly in milk without interferences. This 
method is based on the use of a fluorescence 17 β-estradiol conjugate with 
antibodies anti-17 β-estradiol. The detection limit of this method is 0.5 pmol, a value 
much lower the MRL of EU regulation value, that is 20 pmol. 
 
Keywords: Fluorescence; Biosensors; Antibody; 17 β-Estradiol; Milk  
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Introduction 
Steroid hormones have been largely used to promote livestock growth, increase the 
weight of animals, reducing in this way production costs. EU has forbidden 
administration of naturally and synthetic anabolic growth promoters in food-producing 
animals because of their risk to human health. Most of documented evidence 
demonstrate that exposure to both natural and synthetic hormones at low levels may 
be harmful to humans, leading to many diseases as breast and uterine cancer [1]. 
Moreover, use of hormones in breeding, produces in consumers many symptoms 
such as nausea, inappetence, even hepatic jaundice, if food contains abundant or 
excessive quantity of them. What is more, their indiscriminate use may leads to 
irreversible abnormalities in early development [2], such as sexual precosity to young 
females and feminization of male reproductive system [3]. 17β-estradiol is widely 
illegally used in the chain of production; although this compound is a natural 
estrogen, can be carcinogenic even at low levels, and it is listed within Group A in 
Annex I of the Council Directive 96/22/EC (Group A, substances having anabolic 
effect and unauthorized substances) [4].  
A lot of techniques have been used to detect hormones, such as gas or liquid 
chromatography with mass spectrometry technology (GS–MS or LC–MS)[5-9] and 
enzyme-linked immuno-sorbent assay (ELISA) etc [10]. Chromatographic techniques 
(LC or GC), using mass spectrometry detection [11-13], present different 
disadvantages: high cost, complicated operations, fussy sample preparation and 
time-consuming. In the recent years, several sample preparation procedures for 
isolation of the analyte and purification of the sample have been developed for 
concentration and clean-up of estradiol in milk samples. These include liquid-liquid 
extraction (LLE) [11], solid-liquid extraction (SPE) [12], molecularly imprinted solid 
phase extraction (MISPE) [13],and multi step solid phase extraction (MSPEE) [1], 
which can be time-consumig and tedious.  
On the other hand, traditional ELISA involves numerous steps of incubation and 
washing and it is, thus, not readily compatible to screen a large number of samples.  
The determination of 17β-estradiol levels in milk samples is an arduous target 
because of its low concentration in real and complex matrix. The determination of 
17β-estradiol in milk has been also dominated by immunological [14] and 
microbiological techniques, which are easy to perform, but are not specific enough to 
ensure accurate identification. 
An alternative method of analysis to detect 17β-estradiol levels in milk is the 
biosensor; its potential approach is the capacity to solve several problems related to 
food safety. 
In this work we describe a novel methodology to measure traces of 17β-estradiol in 
raw milk using a fluorescence polarization approach. This technique is founded on 
the use of an ad hoc synthesized fluorescence 17β-estradiol hemisuccinate-GlnBP 
(ES-GlnBP) conjugate labeled with fluorescent probe (Biotium CF647) and of 
polyclonal mono-specific anti 17β-estradiol antibodies. In order to detect 17β-
estradiol in raw sample of milk without pretreatment steps, a competitive 
immunoassay, based on the use of specific antibodies generated against the analyte, 
has been performed.  
Recently we have developed, using the same approach, a fluorescence polarization 
assay for the detection of penicillin G in milk and of patulin in fruit juices (Pennacchio 
et al, in preparation).  
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This method is innovative and rapid because sample pretreatment is not requested: 
the analysis can be conducted directly in the real matrix with no interferences due to 
different milk compounds, using an infra-red emitting probe. 
Finally, this technique represents a novel approach, related to traditional techniques, 
and allows to detect any contaminates in milk by changing fluorescent conjugate 
molecules and specific antibodies, therefore it ensures quality and safety food. 
 
2.Material and Methods 
 
2.1. Reagents 
All reagents were acquired at highest commercially available. 1-[3-(Dimethylamino)-
propyl]-3-ethylcarbodiimide (EDC), bovine serum albumin (BSA; fraction V) and 
ovalbumin (OVA) were purchased from Sigma. PURE1A Protein A Antibody 
Purification Kit was purchased from Sigma. Goat polyclonal to rabbit IgG-HRP 
conjugate (secondary antibody) was from Abcam. Affinities resin EAH Sepharose 4B 
was purchased from Amersham Biosciences. Nitrocellulose transfer membrane 
Protran from Schleicher & Schuell and ECL detection reagents from Amersham 
Biosciences were used in  Western blot experiments. Microplates (96-well), LockWell 
MaxiSorp from Nunc, 3,5,-tetramethylbenzidine (TMB) enzyme substrate from Sigma, 
and a micro-plate reader, Multiskan EX from Thermo, were used for ELISA 
experiments. UV measurements (detection at 278 nm) were carried out on a Varian 
Cary 50 Bio spectrophotometer. The fluorescent probe CF647 was purchased from 
Biotium. Fluorescence experiments were performed with FP-8600 Fluorescence 
Spectrometer (Jasco-Japan). 
 
2.2 Synthesis of  17β-Estradiol-hemisuccinate 
The 17β-estradiol-hemisuccinate (Figure 1 B) was synthesized essentially following 
the previously reported procedure [15]. In particular, 17β-estradiol (270 mg, 1.0 
mmol) was dissolved in 12 mL of a mixture of benzene/pyridine (8:2, v/v) and 
succinic anhydride was added to the solution (600 mg, 6 mmol). The mixture was 
refluxed for 24 h. TLC analysis showed the disappearance of 17β-estradiol and the 
formation of two bands having lower Rf compared to 17β-estradiol. The reaction 
mixture was dried under reduced pressure and the residue, dissolved in 
acetone/ethanol (3 mL, 1:1, v/v), was purified by silica gel chromatography. For this 
purpose the solution was adsorbed on a small amount of silica gel (5.0 g) and after 
evaporation of the solvent the silica was applied on the top of a silica gel column, 
which was eluted with an increasing amount of methanol in DCM  (from 0 to 5% of 
MeOH). The purification furnished the estradiol-3,17β-bis-succinate (70% yield, lower 
Rf) and a product (at higher Rf) which was identified as a mixture of estradiol-3-
hemisuccinate (15% yield) and 17β-hemisuccinate (15% yield). The estradiol-3,17β-
bis-succinate, (300 mg) suspended in 10 mL of MeOH, was then treated with 10 mL 
of a 1,2 M solution of NaHCO3 and the mixture was kept at room temperature, under 
stirring for 15 h. The selective hydrolysis of phenolic ester furnished, as expected, a 
mixture of estradiol and estradiol-17β-hemisuccinate. The latter (95% yield from bis-
succinate) was purified on a silica gel column (as previously described) eluted with 
an increasing amount of MeOH in dichlorometane (from 0 to 20%, v/v). 1H NMR 
analyses were in agreement with those reported [15]. m/z (HRESIMS) 395.1840 ([M 
+ Na]+, C22H28O5Na, requires 395.1834). 
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2.3 Synthesis of the 17β-Estradiol-hemisuccinate-GlnBP conjugate.  
The 17β-Estradiol-hemisuccinate-GlnBP conjugate was prepared adding a solution of 
17β-Estradiol-hemisuccinate (2 mg) in 1 mL of MES buffer (0.1M), pH 6.0 to a 
solution of glutamine-binding protein from Escherichia coli (GlnBP) (2 mg/mL) in 0,5 
mL of the same buffer and 0,1 mL of an EDC solution in H2O (10 mg/mL). The 
reaction mixture was incubated for 16 h at 4°C and then dialyzed against potassium 
phosphate buffer (20 mM), pH 7.4 (1 L, for 3 days with daily buffer changes). The 
concentration of the conjugate, spectrophotometrically determined at λ = 278 nm, 
was 2 mg/mL.  
 
2.4 Antibody production and purification 
Two rabbits were immunized following a standard protocol by intradermal inoculation 
of an antigen (0.5 mg per rabbit). After the immunization period, the rabbits were 
sacrificed and their blood recovered and centrifuged to separate blood cells from 
serum. A 1.5 mL sample of rabbit serum diluited with 1.5 mL of binding buffer Tris 50 
mM pH 7.0, was applied to a Protein A column of the PURE 1A Protein A Antibody 
Purification Kit, Sigma, and the IgG fraction was purified according to the 
manufacturer’s instructions. Elution of proteins was monitored by absorbance at λ= 
278 nm. The IgG fraction was eluted with glycine (0.1M) at pH 3.0 and immediately 
buffered in Tris/HCl (1.0 M) at pH 9.0. Finally, to evaluate the purity of the sample, 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried 
out.  
 
2.5 Affinity column preparation of  17β-Estradiol-hemisuccinate –EAH Sepharose 4B 
The affinity column was obtained by conjugating 17β-Estradiol-hemisuccinate to EAH 
Sepharose 4B as follows. A 0.6 mL of resin was washed with H2O at pH 4.5 (20 mL), 
with NaCl (0.5 M) (20 mL), and with H2O at pH 4.5 (20 mL) again. The solution of 
17β-Estradiol-hemisuccinate (2 mg in 0.5 mL of H2O at pH 4.5) was added to 
Sepharose resin, and the resulting suspension was gently shaken. The slurry was 
cooled to 0°C, and EDC was added in to a final concentration of 0.1 M (52 mg). The 
reaction mixture was incubated for overnight at 4°C and then it was taken to room 
temperature. The suspension was washed with H2O at pH 4.5 (20 mL), acetate buffer 
(0.1 M) containing NaCl (0.5 M) (20 mL), pH 4.0, and PBS (0.1 M) containing NaCl 
(0.3 M), pH 7.4 (20 mL), and finally packed into a polystyrene column (2 mL, 
BIORAD). For the affinity chromatography purification, a 1.0 mL  of IgG (obtained 
from purification) was applied drop-wise to the affinity column prepared as described 
above. To eliminate unspecific antibodies, the column, before elution, was washed 
with three high-salt buffers: (1) PBS (0.01 M), NaCl (0.1 M), pH 7.0 (20 mL); (2) PBS 
(0.01 M), NaCl (0.5 M), pH 7.0 (20 mL); (3) PBS (0.01 M), NaCl (1.0 M), pH 7.0 (20 
mL). At that point, absorbance at 278 nm was 0.0. For the elution step, glycine (0.1 
M), pH 3.0 was used, and the eluate was collected in fractions of 0.5 mL and 
monitored by absorbance measurements at 278 nm. The fractions containing the 
antibodies were collected and dialyzed against PBS (0.1 M), NaCl (0.1 M), pH 7.4. 
The concentration of the monospecific antibodies, spectrophotometrically determined 
at λ = 278 nm, was 1.3 mg/mL.  
 
2.6. Synthesis of  17β-Estradiol-hemisuccinate-BSA Conjugate.  
17β-Estradiol-hemisuccinate was conjugated to BSA, a protein different from the 
protein used to carry out the immunization to avoid interference by the carrier protein 
in the polyclonal antibody detection process. The following procedure was used: BSA 
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(2 mg/mL) in 0,5 mL of MES buffer (0.1 M), pH 6.0, was added to a solution of 17β-
Estradiol-hemisuccinate (2 mg) in 1 mL of the same buffer and 0,1 mL of an EDC 
solution in H2O (10 mg/mL). The reaction mixture was incubated for 16 h at 4°C and 
then dialyzed against potassium phosphate buffer (20 mM), pH 7.4 (1 L, for 3 days 
with daily buffer changes). The concentration of the conjugate, 
spectrophotometrically determined at λ = 278 nm, was 2.2 mg/mL.  
 
2.7. Antibody Titration Experiments 
The antibody titer was determined by an indirect ELISA assay by the following 
general procedure. The antigen (17β-Estradiol-hemisuccinate-BSA), dissolved in 
PBS (0.1 M), pH 7.4, was used to coat 96-well micro-plates, varying the 
concentration  from 125 to 5000 ng/mL (one column for every antigen concentration, 
100 µL per well), overnight at 4°C. Control wells were incubated for the same period 
with BSA in the same buffer. The wells were flushed three times with TBS 1X 
containing 0.05% Tween (TBS-T), pH 7.4, and blocked by incubation for 1 h at room 
temperature with TBS-T containing OVA (1%) (100 µL each well). After two washings 
with TBS-T, polyclonal and polyclonal monospecific anti estradiol antibodies in 
blocking buffer, serially diluted, was added to the wells, incubated at room 
temperature for 1 h, and then washed  two times with TBS-T. Horseradish 
peroxidase-conjugated anti-rabbit IgG antibodies, diluted 1:12000 in TBS-T 
containing OVA (1%), were added to the wells (100 µL) and incubated for 1 h at room 
temperature. After two washings with TBS-T, the enzyme substrate TMB was added 
(100 µL per well), and the color reaction was quenched after 5 min by addition of 2 M 
HCl (100 µL per well). The absorbance was measured at 450 nm.  
 
2.8. Western Blot Experiments 
Proteins (BSA, GlnBP and 17β-Estradiol-hemisuccinate-
loaded, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(12% SDS-PAGE), and then transferred overnight at 4°C onto a nitrocellulose 
membrane. Membranes were blocked for 30 minutes at room temperature in 50 mL 
of the blocking buffer (TBS containing 5% of milk). After one washing with TBS 1 X-
Tween 0.05% (10 min for washing), the filters were incubated with purified 
monospecific IgG  (1:100000 in the blocking buffer), for 1 h at room temperature. 
After three washings with TBS 1X-Tween 0.05% (10 min for washing), the filters were 
incubated with secondary antibody (goat anti-rabbit HRP conjugate, 1:6000 in the 
blocking buffer) for 1 hours at room temperature. The filters were washed three times 
as described above and then developed with the detection reagent ECL. 
 
2.9. Fluorescence Labeling of  17β-Estradiol-hemisuccinate-GlnBP 
A solution of 2.0 mg/mL 17β-Estradiol-hemisuccinate-GlnBP was concentrated at 4.0 
mg/mL in 1.0 mL, dissolved in 0.1 M sodium bicarbonate buffer, pH 7.0 and mixed 
with CF647. The molar ratio of the protein and the dye was kept 1:10. The reaction 
mixture was incubated for 1 hours at 37°C and the labeled molecules were separated 
from un-reacted probe by gel filtration.  
 
2.10. Steady-state fluorescence measurements 
Steady state fluorescence experiments were performed with FP-8600 Fluorescence 
Spectrometer (Jasco-Japan) equipped with a one-cell temperature controlled sample 
holder. The excitation wavelength was fixed at 630 nm and emission spectra were 
recorded between 650 nm and 800 nm with an emission slit-width of 2.5 nm and an 
85 
 
excitation slit-width of 5 nm. The measurements were performed in milk solution 
diluted 1.5, at room temperature. 17β-Estradiol-hemisuccinate-GlnBP-CF647 was 
incubated with a range of concentration of antibodies against 17β-estradiol from 0.0 
to 2.2 pmol for 10 minutes, and fluorescence spectra were carried out. The 
polarization fluorescence measurements were acquired by inserting a Glan polarizer 
between the excitation source and the sample, with a vertical (0°) excitation polarized 
filter and with a vertical (0°) emission polarized filter. 
 
2.10. 17β-Estradiol competitive assay 
A competitive polarization assay was performed at a fixed concentration of antibody 
against 17β-Estradiol (2.2 pmol) in presence of increasing concentrations of un-
labeled 17β-Estradiol  in a range of concentration from 0.0 to 47 pmol. The 
incubation was done at room temperature for 10 minutes. After this pre-incubation in 
presence of unlabeled 17β-Estradiol, polarization fluorescence measurements were 
carried out with FP-8600 Fluorescence Spectrometer with an excitation polarized 
filter set at 0° and an emission polarized filter set at 0°. 
 
3.Results and Discussion 
 
Anabolic steroids have been widely used as growth promoting agents in cattle to 
increase the weight gain of animals and reduce the feed conversion efficiency. The 
administration of naturally and synthetic anabolic growth promoters in food-producing 
animals is now prohibited by the EU because of their potential risk to humans.                                                                                                                     
Illegal use and/or abuse of 17β-estradiol in animal feed, imply a contamination of 
produced milk with several consequences for human health. A rapid and simple 
method to detect the concentration of 17β-estradiol in milk, able to control all phases 
of milk production, from the cattle shed to the table of the consumers, is needed. 
Therefore we have covalently attached the 17β-Estradiol-hemisuccinate to a bacterial 
protein carrier, glutamine binding protein (GlnBP). The structure of 17β-Estradiol-
hemisuccinate covalently bound to GlnBP is shown in Figure 2. This conjugate was 
used to produce polyclonal antibodies anti-17β-Estradiol in rabbit.  
 
3.1 Synthesis of 17β-Estradiol-hemisuccinate 
The presence of a carrier protein conjugated to the hormone is required for the 
production of antibodies against 17β-Estradiol, which is,  too small to elicit any 
immunological response. In order to conjugate 17β-Estradiol to the carrier protein, an 
hemisuccinic arm is needed. 17β-Estradiol-hemisuccinate was obtained from 
commercial 17β-Estradiol prepared as described in Materials and methods. 
 
3.2. Production of antibodies against the estradiol 
GlnBP was chosen as carrier protein. Antigen 17β-Estradiol-hemisuccinate-GlnBP 
was used to produce polyclonal antibodies against 17β-estradiol. Two different 
rabbits were immunized using a standard protocol of immunization and at the end of 
the immunization period the IgG fraction were isolated from serums by the protein A 
column kit. The purity of IgG fractions was evaluated by SDS-PAGE and the pure 
fractions were pooled and dialyzed against PBS 20 mM pH 7.4.  
The BSA conjugate was prepared by the same procedures already used for GlnBP 
conjugate and reported in material and methods section.  
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3.3. ELISA test 
An indirect ELISA test was performed to evaluate the titer of polyclonal and 
polyclonal monospecific purified antibodies. The micro-plate wells was coated with 
17β-Estradiol-hemisuccinate-BSA and we tested serially diluted polyclonal and 
polyclonal monospecific antibodies against 17β-estradiol. The result of the ELISA test 
is shown in Figure 3. It is reported as bar histogram in which the absorbance value at 
450 nm was plotted versus different concentrations of coated 17β-Estradiol-
hemisuccinate-BSA. No signal was registered as consequence of incubation with 
different diluted samples of IgG for wells no-coated. The result shows an increase of 
the absorbance in function to the decrease of the dilution factor of anti 17β-estradiol 
polyclonal monospecific antibodies; polyclonal monospecific antibodies are more 
sensible than polyclonal antibodies. The titer was taken as the maximum antibody 
dilution able to give a reading of 0.1 absorbance unit. The following value was found: 
1/100000 for polyclonal monospecific anti 17β-estradiol antibodies. Therefore the titer 
of antibodies anti 17β-estradiol  seems excellent. 
 
3.4. Preparation of affinity columns and purification of specific antibodies and western 
blotting 
The 17β-Estradiol-hemisuccinate was conjugated to EAH Sepharose-4B resin and 
the obtained purified IgG fraction was loaded. After the loading with the IgG fraction, 
the column was washed with buffer at neutral pH with high concentration of NaCl, in 
order to remove unspecific antibodies and monospecific antibodies were eluted using 
glycine buffer at pH 3.0. The different fractions were collected and a SDS-PAGE was 
carried out in order to evaluate the purity of the sample (data not shown). In order to 
verify the specificity of the produced antibodies against the 17β-estradiol, a western 
blotting experiment was performed. In Figure 4A and 4B are shown the SDS-PAGE 
and western blotting experiment results. Response to antibody binding was observed 
only for the conjugate 17β-Estradiol-hemisuccinate-GlnBP, and a negative response 
was registered for BSA and GlnBP. This confirms the specificity of antibodies versus 
the only estradiol.  
 
3.5.  Fluorescence steady-state measurements of 17β-Estradiol-hemisuccinate-
GlnBP-CF 647 conjugate 
The polarized emission spectra of 17β-Estradiol-hemisuccinate-GlnBP-CF647 in 
absence and in presence of increasing concentrations of anti-estradiol antibodies is 
shown in Figure 5. Before the polarization measurements were performed, to avoid 
interference of un-reacted probe, the labeled molecules were separated by gel 
filtration. The fluorescence polarization measurements were performed directly in 
milk. In particular, a solution of milk five-times diluted was used for the experiments. 
The excitation value was fixed at 630 nm, and the emission spectra were acquired 
from 650 nm to 800 nm. The maximum of fluorescence emission was centered at 
668 nm. The measurements were performed at room temperature, and an antibody 
solution from 0.0 to 2.2 pmol was added. The acquired results revealed an increase 
of 17β-Estradiol-hemisuccinate-GlnBP-CF647 polarized fluorescence intensity as 
consequence of binding with anti 17β-Estradiol antibodies.  
 
3.6. Fluorescence polarization competitive immunoassay 
Fluorescence polarization competitive immunoassay was used to measure the tracer 
of 17β-estradiol in solution. To evaluate the competition between 17β-Estradiol-
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hemisuccinate-GlnBP-CF647 and un-labeled 17β-estradiol for binding with 
monospecific antibodies against 17β-estradiol, different samples at a fixed 
concentration of antibody (2.2 pmol) were incubated in presence of increasing 
concentrations of un-labeled 17β-estradiol  in a range between 0.0 and 47 pmol.  
Each sample was incubated for 10 minutes at room temperature before that 
fluorescence polarization measurements were performed. The polarized 
fluorescence emission spectra in presence of increasing concentrations of un-labeled 
17β-estradiol is shown in Figure 6. There is a reduction of fluorescence emission in 
conjunction to increasing concentrations of un-labeled 17β-estradiol.  
The presence of increasing concentrations of the analyte in the samples allowed to 
go back to the minimum measurable value of the analyte.  
In Figure 7 is shown the dose response curve for 17β-estradiol detection in diluted 
milk; it reports the polarization fluorescence intensity at 668 nm as function of pmol of 
17β-estradiol. The results show that it is possible to detect an amount of 17β-
estradiol  less than 10 pmol.  
In conclusion, this methodology is more sensitive than the analytical techniques 
actually in use. It allows rapid analysis, directly in real matrices without samples pre-
treatment steps. This method is a promising alternative approach to detect 17β-
estradiol during all steps of milk production and collection. 
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Legends to Figures 
 
Figure 1. Schematic representation of the 17β-Estradiol (A) and 17β-Estradiol-
hemisuccinate (B). 
 
Figure 2. Schematic representation of the GlnBP conjugate used for the production 
of the rabbit anti 17β-Estradiol antibodies. 
 
Figure 3. ELISA test of polyclonal and polyclonal monospecific anti 17β-Estradiol IgG 
purified from the serum of rabbit. The assay was performed in the Tris–borate buffer 
in the presence of 0.005% Tween and 1% milk. Temperature was set at 25 °C.   
 
Figure 4. SDS-PAGE (A) and nitrocellulose filter (B) after incubation with 17β-
Estradiol antibodies; lane 1, molecular weight standards; lane 2, BSA; lane 3, GlnBP; 
lane 4, 17β-Estradiol-hemisuccinate-GlnBP. 
 
Figure 5. Polarization emission spectra of 17β-Estradiol-hemisuccinate-GlnBP-
CF647 in the absence and in the presence of increasing concentration antibodies 
against 17β-Estradiol. The measurements were performed in PBS buffer at 7.4. The 
temperature was set at 25 °C. 
 
Figure 6. Polarization fluorescence emission spectra of 17β-Estradiol-hemisuccinate-
GlnBP-CF647. The measurements were performed in PBS buffer at 7.4. The 
temperature was set at 25 °C. 
 
Figure 7. Titration of Fluorescence Polarization immune-assay with increasing 
concentration of un-labeled 17β-Estradiol. 
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Fig.5 
Fig.6 
94 
 
 
 
 
 
Fig. 7 
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CONCLUSIONS 
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The present PhD work was aimed to develop two methods to detect contaminants 
such as toxins, antibiotics and hormones in foods to ensure the quality and the safety 
of raw materials: 
 
 An immune-chemical approach was combined with SPR spectroscopy to 
develop an efficient patulin, penicillin G and estradiol biosensor, which can 
also be used outside in the field.  
 
 A novel fluorescence polarization immunoassay was developed to detect 
traces of patulin, penicillin G and estradiol directly in apple juices and in milk.  
It is more sensitive than SPR method. 
 
These methods allow you to determine an amount of patulin, penicillin G and 
estradiol much lower than conventional techniques and much lower than the 
European limit. 
 
  European 
 Limit  
SPR spectroscopy 
Limit 
Fluorescence 
Polarization 
Limit 
   Patulin           50 ug/L         0.1 ug/L        0.06 ug/L  
   Penicillin G           12 nM         8 pM         0.4 pM  
   Estradiol           20 pmol           _         0.5 pmol  
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